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1 ABSTRACT
As nuclear power plants age and their lifetimes are extended, it is critical to be
able to accurately assess the long-term integrity of the reactor structural materials. A
current investigation into a leak in the End Shield Cooling (ESC) System in Ontario
Power Generation’s Pickering Unit 6 reactor has raised a potential issue. The corrosion of
the supporting structural materials (carbon steel (CS) and stainless steel (SS)) in the
presence of ionizing radiation in small stagnant solutions and humid air conditions
therefore needs careful evaluation.
This project investigates the effect of water radiolysis and humid air radiolysis
products (H2O2 and HNO3) on the corrosion of CS and SS under different conditions. The
parameters studied in this thesis include the concentration of HNO3 and H2O2, solution
pH, and the presence or absence of γ-radiation. A series of electrochemical techniques
and coupon exposure tests were employed to measure the corrosion rates of different
steels. Post-test surface and solution analyses were performed to understand the oxides
formed on the corroded surfaces and to determine the amounts of metal ions dissolved in
the solution.
This study has shown that CS corrosion involves several elementary reactions and
transport processes that determine the overall corrosion rate. The presence of H2O2 and
nitrate affect the corrosion rate by providing a more oxidizing solution environment that
increases the charge transfer rate via increasing the mass transport rate of metal cations.
At relatively high concentrations (10 mM) of H2O2 and in neutral pHs, the redox
reactions of hydrogen peroxide can couple strongly with metal redox reactions. High
ii

H2O2 concentration can provide the conditions for the formation of a protective oxide and
increase the corrosion potential to values at which the redox reactions of hydrogen
peroxide can be strongly coupled with the metal oxidation. This study has highlighted the
strong feedback that can occur between different processes involved in corrosion.
Ignoring this feedback and the effect of nitrate and other solution parameters on the mass
transfer process of metal cations could result in inaccurate predictions of the long-term
integrity of structural alloys.
The results of this study have improved the mechanistic understanding of the
effect of these redox-active species on the corrosion pathways of carbon steel and
stainless steels, and will contribute to the development of a corrosion model that can be
used to assess the long-term integrity of the CANDU reactor structural materials with
confidence.
KEYWORDS
Carbon Steel, Stainless Steel, Humid Air Corrosion, Gamma Radiation, Water
Radiolysis, Electrochemical Reactions, Nitrate, Hydrogen Peroxide, Nitric Acid

iii

2 SUMMARY FOR LAY AUDIENCE
Because of the possibility of a water leak in Canada Deuterium Uranium
(CANDU) nuclear reactors, corrosion is a potential issue for the supporting structure
materials, carbon steel (CS) and stainless steel (SS).
Ionizing radiation creates a more oxidizing environment and lowers the pH of
solutions. The work presented here investigates the effects of water radiolysis and humid
air radiolysis products (most notably, HNO3 and H2O2), on the corrosion of CS and SS
under different conditions. The results of this study will be used to build a better
understanding of the effect of the key redox-active species on corrosion pathways and
will contribute to the development of a CS and SS corrosion model that can be used to
assess the long-term integrity of the CANDU reactor structural materials with confidence.
The studied parameters were concentration of nitrate and hydrogen peroxide,
solution pH, the presence of additional oxidants, and the presence or absence of γradiation. A series of electrochemical techniques were employed to measure the corrosion
rates of different steels. Post-test surface and solution analyses were performed to
understand oxide formation on the corroded surfaces and to determine the amount of
dissolved metal ions in the solution.
The work presented in this thesis has demonstrated that disregarding the strong
feedback between the different processes involved in corrosion and ignoring the effect of
solution parameters on the mass transfer of metal cations could result in an inaccurate
prediction of the corrosion rate.
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1 CHAPTER 1
INTRODUCTION

1.1

BACKGROUND AND MOTIVATION
Nuclear power reactors offer a long term, cost-efficient and sustainable method

for producing electricity with very low greenhouse gas emissions [1]. Accurate
assessment of the long-term integrity of reactor structural materials is vital for assuring
the safe operation of aging nuclear power plants.
A current investigation into a leak in the end shield cooling (ESC) system in
Ontario Power Generation’s Pickering Unit 6 reactor has indicated that moisture from
this leak could possibly reach a location in the annular air gap which exists around the
periphery of the calandria tank assembly and its supporting structures. In particular, the
potential for corrosion attack on carbon steel (CS) adjacent to the dissimilar metal weld
(W, type 309 SS) between CS (SA36) and stainless steel (SS, Type 304L) at the
periphery of the annular air gap must be evaluated. Schematics of the calandria tank
assembly, its supporting structures and the location of the CS and stainless steel weld

1

joint are shown in Figure 1-1.
The reactor structures will be exposed to very different environments from those
commonly seen in previously published corrosion studies. The water volume per unit
surface area would be small (water droplets), and the water would be stagnant. The pH of
the ESC water is adjusted to around 10.4, but after condensing onto the weld region, the
pH might be different, altering the dissolution rate. In addition, the oxygen level,
humidity, and many other factors are expected to evolve with time. The ESC system and
its components will also be exposed to a continuous flux of γ-radiation emitted from the
reactor core. Hence, any air or water trapped in the annular gap will undergo radiolysis
producing redox-active species (most notably, HNO3 and H2O2) [2], producing
potentially corrosive conditions in the weld region.



H2O → → •eaq−, •O2−, H+, H2, O2, H2O2



Humid air (N2, O2, H2O) → → NOx, HNO3, H2O2

Furthermore, dissolved HNO3 lowers the pH, which can affect the solubility of
any metal cations produced by metal oxidation, and consequently, can alter the corrosion
behaviours of carbon steel and stainless steel.
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Figure 1-1: Schematic representation of the calandria tank assembly and its
supporting structures in a CANDU reactor and the carbon steel-stainless steel weld
joint block provided by Ontario Power Generation

The effects of -radiation, solution pH, and temperature on the independent
corrosion of carbon steel (CS), 304L SS (SS) and the 309 SS filler material (W) and the
galvanic corrosion between these dissimilar metals have already been investigated using
both electrochemical and coupon immersion experiments [3]. This study showed that
304L SS and 309 SS have similar corrosion behaviours, and their corrosion rates remain
low at both pH 6.0 and 10.6 due to the presence of protective chromium oxide layers on
the surface. For CS, the major corrosion pathway was found to be metal dissolution at
pH 6.0, whereas at pH 10.6, it was oxide formation due to the much lower solubility of
FeII at this pH. Increasing temperature or applying -irradiation increases the corrosion
rates of the alloys initially, but it also accelerates the formation and growth of protective
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oxides on CS, suppressing subsequent metal oxidation. Therefore, the acceleration of CS
corrosion due to galvanic coupling diminishes with increasing temperature and the
presence of radiation.
As mentioned before, any trapped air or water in the annular gap will undergo
radiolysis, producing redox-active species (HNO3 and H2O2) that can affect the corrosion.
Therefore, it is important to understand the effect of these redox-active species on the
corrosion behaviours of CS and SS. Even though the corrosion of carbon steel and
different types of stainless steels has been studied in different environments [4–12], the
effects of nitrate ions and hydrogen peroxide on the corrosion of CS and SS, particularly
at lower pHs, require further study. In order to better understand the corrosion of CS and
SS in the presence of -radiation and under humid air, it is essential to understand the
effect of nitrate ions and hydrogen peroxide on the electrochemical behaviours of CS and
SS in solutions of different pHs and also to study the effect of -radiation, nitrate and
hydrogen peroxide on the corrosion evolution of alloys in small volume solutions.
1.2

THESIS OBJECTIVES AND APPROACHES
The main objective of this thesis is to determine the effects of -radiation on the

corrosion of CS and SS. This will contribute to the development of a mechanism that can
explain how nitric acid and hydrogen peroxide (the main radiolytic products in humid air)
impact CS corrosion under the conditions anticipated inside the calandria tank and
adjacent to its supporting structures.
To develop a corrosion dynamic model, it is important to identify how the key
elementary processes that control the overall corrosion rate are affected by radiolysis
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products and how the kinetics of reactions change in the presence of nitric acid and
hydrogen peroxide. The elementary processes considered in the study were
electrochemical reactions, solution reactions, transport processes, and oxide particle
nucleation and growth on each steel under study.
In this thesis, the corrosion dynamics of carbon steel and SS were investigated in
a series of electrochemical measurements and droplet studies. The parameters studied
were the concentration of nitrate and hydrogen peroxide, the initial pH of the solution,
and the effect of other oxidants in the presence of nitrate ions. The electrochemical
methods used were corrosion potential measurements, potentiodynamic polarization, and
linear polarization resistance. The corrosion pathways are discussed based on the posttest surface and solution analysis results. The surface analysis techniques used were
optical microscopy, scanning electron microscopy (SEM) combined with energy
dispersive X-Ray spectroscopy (EDS), and Raman spectroscopy. The dissolved metals
(Fe, Ni, and Cr) were measured using inductively coupled plasma optical emission
spectrometry (ICP-OES).
1.3

THESIS OUTLINE
Chapter 1: Thesis motivation, thesis objectives, and thesis outline.
Chapter 2: Literature review and theoretical background for the experimental

results presented in Chapters 4-8.
Chapter 3: Description of the experimental techniques used in this thesis.
Chapter 4: Corrosion Behaviour of Carbon Steel in Nitrate Solutions
This chapter investigates the effect of nitrate on the corrosion behaviour of CS by
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performing electrochemical experiments (corrosion potential measurements and
potentiodynamic polarization experiments). In this chapter, the electrochemical behaviour
of CS (CS Type SA36) was studied in pH 6.0 buffered solutions in the presence of
different concentrations of chemically added NaNO3. Additionally, the electrochemical
behaviour of CS in NaNO3 solutions was compared with that in Fe(NO3)3 solutions, to
study the effect of nitrate in the presence of ferric ions.
Chapter 5: Corrosion Behaviour of Carbon Steel and Stainless Steels in Nitric
Acid Solutions
This chapter studies the corrosion behaviours of carbon steel (CS Type SA36) and
stainless steels (304L SS and 309 SS) in nitric acid solutions. In this chapter, the effect of
different concentrations of nitrate in acidic solution (pH 2.0) on the independent
corrosion of CS and stainless steels was investigated using electrochemical techniques
(corrosion potential measurements, linear polarization resistance, and potentiodynamic
polarization). The amounts of dissolved metal ions (Fe, Ni, Cr) measured using ICP-OES
were used to better understand the mechanism of the effect of nitrate on the corrosion
behaviour of the studied alloys.
Chapter 6: Corrosion Behaviour of Carbon Steel and Stainless Steels in
Hydrogen Peroxide Solution
In this chapter, the effect of chemically added H2O2 on the corrosion behaviour of
carbon steel is investigated using electrochemical experiments and solution analysis
techniques. In this chapter, the electrochemical behaviour of CS was studied in pH 6.0
buffered solutions in the presence of different concentrations of chemically added H2O2
using potentiodynamic polarization, linear polarization, and corrosion potential
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measurement experiments. Additionally, the effect of H2O2 on the corrosion of CS,
304L SS and 309 SS was investigated in solutions of pH 2 with different H2O2
concentrations. The amounts of dissolved metal ions (Fe, Ni, Cr) measured using ICPOES were used to better understand the mechanism of the effect of H2O2 on the corrosion
behaviour of the studied alloys.
Chapter 7: Corrosion Dynamics of Carbon Steel in Small Volume Solutions
In this chapter, the effect of chemically added radiolytic products on the corrosion
of CS was studied by performing droplet studies in small volume solutions (150 µL) of
nitric acid with different initial pHs and chemically added hydrogen peroxide. In this
chapter, the evolution of oxide formation and the changes in dissolved Fe concentration
were evaluated using solution and surface analysis techniques to understand the effect of
nitric acid and hydrogen peroxide on the different dynamic stages of corrosion.
Chapter 8: Gamma Radiation-Influenced Corrosion of Carbon Steel and
Stainless Steel
This chapter studies the effect of different cover gases and -radiation on the
corrosion of CS in small-volume solutions and under humid air. The different cover gases
tested were Ar, hydrocarbon-free air, and 21% O2+79% Ar. In the first section of this
chapter, the evolution of the surface and the solution were investigated after corrosion of
CS in a small volume solution (150 µL) under different cover gases in the presence and
absence of -radiation. In the second section of this chapter, the humid air corrosion of
joint of carbon steel and 309 SS (CS-W) was studied by the evaluation of surfaces
corroded under 100% humidity and different cover gases in the presence of -radiation.
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Chapter 9: Thesis summary and a brief discussion of potential future work.
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2 Chapter 2
Technical Background and Literature Review

2.1
2.1.1

MATERIALS BACKGROUND
Microstructure of Carbon Steel
The stable form of pure iron at room temperature is known as alpha ferrite (-Fe)

and has a body-centred cubic (BCC) structure. Pure iron is soft and is not used in
structural applications. When a small amount of carbon (up to 2 wt %) is mixed with iron,
it becomes an alloy known as carbon steel and its mechanical properties, e.g., the
hardness and strength, are improved [1].
The three main distinct solid phases normally present in carbon steels are ferrite,
austenite, and cementite (Fe3C) [2]. The iron-carbon phase diagram is shown in Figure
2-1. The horizontal axis of the Fe-C diagram shows the percentage of carbon inside the
Fe-C system. The fields (ranges of temperatures and carbon content) for the three basic
phases of steel can be found in this diagram.
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Cementite (Fe3C) contains 6.67 wt% carbon by mass and is a hard and brittle
interstitial compound with an orthorhombic crystal structure. The dissolved content of
carbon in the ferrite (-Fe) phase (body-centred cubic [BCC] crystal structure) at room
temperature is 0.008 wt% or less. Austenite (γ-Fe) is an interstitial solid solution of C
dissolved in Fe with a face-centred cubic (FCC) crystal structure and a maximum carbon
content of 2 wt%. Finally, pearlite is a mixture of ferrite and cementite, with the ferrite
sandwiched between an array of thin plates of cementite [3,4].

Figure 2-1: The iron-iron carbide (Fe-Fe3C) phase diagram [2] (reprinted with
permission from Ref. [2], © 1998 Elsevier Ltd.)
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During the steelmaking process, due to the presence of sulfur as a common
impurity in coal and coke and also the use of oxygen as the refining agent, secondary
phases can also form in CS [5–7]. These secondary phases are non-metallic inclusions
categorized into two main types based on the composition: oxide (CaO, Al2O3, SiO2) and
sulfide (CaS, MnS) [5–8]. Both oxygen and sulfur are soluble in liquid iron but have
minimal solubility in the solid phase iron (α-Fe) [5,7]. To decrease the oxygen and sulfur
content, elements with high affinity for oxygen (such as Si, Mn and Al) or sulfur (such as
Ca and Mg) and with low solubility in liquid iron are added into liquid iron. However,
these elements convert dissolved oxygen and sulfur into oxides and sulfides (the
inclusions) [5,8]. While most inclusions can be removed, it is impossible to produce
steels completely free of inclusions in industrial steelmaking processes [5].
2.1.2

Microstructure of Stainless Steel
Steels can contain a range of impurities such as Si, Al, S and P and can be alloyed

with elements such as Cr, V, Mo, and Mn. Stainless steels are types of Fe-based alloys
that contain a minimum of approximately 11 wt% Cr. Stainless steels offer high corrosion
resistance due to a protective Cr-rich oxide layer.
The Fe-Fe3C phase diagram for stainless steel is different from that of carbon steel
due to the different stabilities of alloying elements in the BCC and FCC structures.
Chromium and nickel are important alloying elements and affect the BCC to FCC phase
transition. Chromium is a ferrite-stabilizing element, and Ni, N and Mn are austenitestabilizing elements [9,10].
With the addition of a sufficient amount of Ni, the austenite phase stability range
is extended to room temperature [2,11]. Austenitic stainless steels have excellent
12

formability and weldability and can be easily identified, as they are not ferromagnetic
[12]. The most common stainless steel is 304 stainless steel, which is widely used in
various household and industrial applications due to its high ductility, resulting in
excellent drawing, forming, and spinning properties. It is an austenitic stainless steel with
Ni content of approximately 8 wt% and Cr content of approximately 18 wt%.
2.2
2.2.1

PRINCIPLES OF AQUEOUS CORROSION
Electrochemical Reactions on Bare Metal
During corrosion, metal is oxidized to produce metal cations. This oxidation is

coupled to the reduction of a water-soluble oxidant. For example, iron corrosion in an
acidic environment in deaerated solution occurs via the following oxidation (Eq. 2-1) and
reduction half-reactions (Eq. 2-2):
Oxidation Reaction: Fe(m) → Fe2+ + 2 e−

(Eq. 2-1)

Reduction Reaction: 2 H+ + 2 e− → H2

(Eq. 2-2)

Overall Reaction: Fe(m) + 2 H+ → Fe2+ + H2

(Eq. 2-3)

Under naturally corroding conditions, the rates of the oxidation and reduction
half-reactions are equal and the same as the rate of the overall corrosion reaction.
Electrochemical reactions take place at the electrode/electrolyte interface and are
therefore heterogeneous in nature and strongly affected by the mass transfer of redox
pairs (i.e., H+ and H2 in Eq. 2-2 and Fe2+ in Eq. 2-1) towards and away from the
interfacial region. In this section, the kinetics of electron transfer reactions are presented,
and the effect of mass transfer is discussed in Section 2.2.2.
When metal is exposed to the solution, the metal/solution system starts to move
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towards chemical equilibrium. The equilibrium potentials of the redox half-reactions are
expressed by the Nernst equations [13]:
𝑒𝑞
𝐸𝑜𝑥

=

0
𝐸(𝐹𝑒
2+ /𝐹𝑒)

𝑒𝑞

+

0
𝐸𝑟𝑒𝑑 = 𝐸(𝐻
+ /𝐻 2 ) +

𝑒𝑞

𝑅𝑇
𝑛𝐹

𝑅𝑇
𝑛𝐹

2+

𝐹𝑒
𝑎𝑒𝑞

ln (

𝐹𝑒
𝑎𝑒𝑞

)

(Eq. 2-4)

+

𝐻
𝑎𝑒𝑞

ln (

2

𝐻
𝑎𝑒𝑞

)

(Eq. 2-5)

𝑒𝑞

where 𝐸𝑜𝑥 and 𝐸𝑟𝑒𝑑 are the equilibrium potentials for the oxidation half-reaction
(Fe/Fe2+) and solution reduction half-reaction (H+/H2), n is the number of electrons, F is
Faraday’s constant (96485 C/mol), R is the gas constant (8.314 J/K.mol), and T is the
0
0
temperature (in Kelvin). In Eq. 2-4 and Eq. 2-5, 𝐸(𝐹𝑒
2+ /𝐹𝑒) and 𝐸(𝐻 + /𝐻 2 ) represent the

standard potentials for the oxidation half-reaction and the reduction half-reaction,
respectively. The standard potentials of reactions are relative to the reference potential
of hydrogen reduction (“standard” conditions are 1 M concentration of both oxidizing
2+

2

+

𝐹𝑒
𝐹𝑒
𝐻
𝐻
and reducing species and a gas pressure of 1.00 atm.), and 𝑎𝑒𝑞
, 𝑎𝑒𝑞
, 𝑎𝑒𝑞
, 𝑎𝑒𝑞
, are the

chemical activities of the redox species involved in the reactions. The activity of a pure
solid metal is 1.0 by definition [14].
The thermodynamic driving forces for the oxidation and reduction half-reactions
are the Gibbs free energy change for the metal oxidation half-reaction (𝑜𝑥 𝐺) and the
Gibbs free energy change for the solution species reduction half-reaction (𝑟𝑒𝑑 𝐺),
respectively [13,15,16]. The difference between the electrode potential (𝐸𝑒𝑙𝑒𝑐 ) and the
𝑒𝑞

equilibrium potential for a redox half-reaction (𝐸𝑟𝑥𝑛 ) is called overpotential ().
𝑒𝑞

−𝑜𝑥 𝐺 = 𝑛𝐹(𝐸𝑒𝑙𝑒𝑐 − 𝐸𝑜𝑥 ) = 𝑛𝐹𝑜𝑥

(Eq. 2-6)
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𝑒𝑞

−𝑟𝑒𝑑 𝐺 = 𝑛𝐹(𝐸𝑒𝑙𝑒𝑐 − 𝐸𝑟𝑒𝑑 ) = 𝑛𝐹𝑟𝑒𝑑

(Eq. 2-7)

An overpotential is required to drive a half-reaction proceeding at a certain rate.
When the rates of the half-reactions are controlled by interfacial charge transfer, the rate of
electron transfer is expressed by the Butler-Volmer equation [17,18]:
0
𝑖𝑜𝑥 = 𝑖𝑜𝑥
{𝑒𝑥𝑝(

𝑜𝑥 𝑛𝐹𝑜𝑥

0
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{𝑒𝑥𝑝(

𝑅𝑇

) – 𝑒𝑥𝑝 (–

𝑟𝑒𝑑 𝑛𝐹𝑟𝑒𝑑
𝑅𝑇

(1−𝑜𝑥 )𝑛𝐹𝑜𝑥
𝑅𝑇

) – 𝑒𝑥𝑝 (–

)}

(1−𝑟𝑒𝑑 )𝑛𝐹𝑟𝑒𝑑
𝑅𝑇

(Eq. 2-8a)

)}

(Eq. 2-8b)

0
0
where (𝑖𝑟𝑒𝑑
), (𝑖𝑜𝑥
) are the exchange currents of the metal oxidation half-reaction and the

solution reduction half-reaction, and 𝑜𝑥 and 𝑟𝑒𝑑 are transfer coefficients that represent
the relative dependence of the forward and reverse reaction rates on their overpotentials.
The transfer coefficients are typically assumed to be 0.5 and indicate the fraction of the
electrostatic potential energy that affects oxidation. The Butler-Volmer relationships are
schematically presented in Figure 2-2.

Figure 2-2: Illustration of the Butler-Volmer relationships for metal oxidation and
solution reduction half-reactions.
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With the assumption that 𝐸𝑒𝑙𝑒𝑐 is sufficiently far away from the equilibrium
potentials of the two half-reactions, the anodic (oxidation) and cathodic (reduction)
current densities can be approximated by Eq. 2-9a and Eq. 2-9b.
0
𝑖𝑜𝑥  𝑖𝑜𝑥
(𝑒𝑥𝑝(

𝑒𝑞

𝑜𝑥 𝑛𝐹(𝐸𝑒𝑙𝑒𝑐 −𝐸𝑜𝑥 )

0
𝑖𝑟𝑒𝑑  𝑖𝑟𝑒𝑑
(𝑒𝑥𝑝( −

𝑅𝑇

))

(Eq. 2-9a)
𝑒𝑞

(1−𝑟𝑒𝑑 ) 𝑛𝐹(𝐸𝑒𝑙𝑒𝑐 −𝐸𝑟𝑒𝑑 )
𝑅𝑇

))

(Eq. 2-9b)

Due to charge and mass balance requirements, the oxidation and reduction rates at
the corrosion potential must be the same. To obtain the corrosion current density (i.e., the
current density at 𝐸𝑐𝑜𝑟𝑟 ), the system is often polarized by applying an external voltage.
The net current under polarization can be determined by the Wagner-Traud equation (Eq.
2-10), derived from the Butler-Volmer equations [19,20]:
𝑖  𝑖𝑐𝑜𝑟𝑟 (𝑒𝑥𝑝(

𝑜𝑥 𝑛𝐹 (𝐸𝑒𝑙𝑒𝑐 −𝐸𝑐𝑜𝑟𝑟 )
𝑅𝑇

) – 𝑒𝑥𝑝 (−

For high negative overpotentials, the term 𝑒𝑥𝑝(

(1−𝑟𝑒𝑑 ) 𝑛𝐹(𝐸𝑒𝑙𝑒𝑐 −𝐸𝑐𝑜𝑟𝑟 )
𝑅𝑇

𝑜𝑥 𝑛𝐹 (𝐸𝑒𝑙𝑒𝑐 −𝐸𝑐𝑜𝑟𝑟 )

for high positive overpotentials, the term 𝑒𝑥𝑝( −

𝑅𝑇

(Eq. 2-10)

) can be neglected, and

(1−𝑟𝑒𝑑 ) 𝑛𝐹 (𝐸𝑒𝑙𝑒𝑐 −𝐸𝑐𝑜𝑟𝑟 )
𝑅𝑇

))

) in Eq. 2-10 can

be neglected, and Eq. 2-11a and Eq. 2-11b can be derived:
𝑖𝑜𝑥  𝑖𝑐𝑜𝑟𝑟 𝑒𝑥𝑝(

𝑜𝑥 𝑛𝐹 (𝐸𝑒𝑙𝑒𝑐 −𝐸𝑐𝑜𝑟𝑟 )

𝑖𝑟𝑒𝑑  −𝑖𝑐𝑜𝑟𝑟 𝑒𝑥𝑝(−

𝑅𝑇

)

(Eq. 2-11a)

(1−𝑟𝑒𝑑 ) 𝑛𝐹(𝐸𝑒𝑙𝑒𝑐 −𝐸𝑐𝑜𝑟𝑟 )
𝑅𝑇

)

(Eq. 2-11b)

For potentials sufficiently far from 𝐸𝑐𝑜𝑟𝑟 and in the absence of mass-transport
effects, the anodic or cathodic branches normally exhibit linear behaviour on a
logarithmic scale. The experimental Tafel slopes, 𝑎 and 𝑐 in volts per current decade
unit, can be expressed using the following equations (Eq. 2-12a and Eq. 2-12b) [17,18]:
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𝑎 =
𝑐 =

2.3𝑅𝑇

(Eq. 2-12a)

𝛼𝑜𝑥 𝑛𝐹
2.3𝑅𝑇

(Eq. 2-12b)

(1−𝛼𝑟𝑒𝑑 )𝑛𝐹

The 𝑖𝑐𝑜𝑟𝑟 can be estimated by extrapolation of these Tafel lines to 𝐸𝑐𝑜𝑟𝑟 .
2.2.2

Effect of Mass Transport on the Corrosion Process
The overall electrochemical reaction consists of multiple steps that can contribute

to the overall rate. These include electron transfer via a conducting electrode between the
redox pairs and transport of the redox species towards and away from the interfacial
region [21–23].
The Butler-Volmer equation assumes that the rates of the oxidation and reduction
reactions are controlled by electron transfer. However, the redox species may, in some
cases, undergo a chemical reaction in the interfacial region. In this case, the Tafel slopes
will contain a contribution from chemical processes other than interfacial electron
transfer, which means that using the Tafel extrapolation method will give an incorrect
value for the corrosion rate.
In electrochemical reactions, the electron transfer rate is influenced by the mass
transport of redox-active species [24–26]. Mass transport of redox-active species may
occur via diffusion (i.e., the movement of species due to a concentration gradient),
migration (i.e., movement of charged species due to an electric field gradient), or
convection (i.e., solution flow due to a pressure gradient or stirring) or a combination of
these modes. The mass transport of ions is described by the Nernst-Planck equation (Eq.
2-13) [13].
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Jj (x)= - Dj

∂Cj (x)
∂x

-

mj F
RT

. Dj Cj .

∂ϕ(x)
∂x

+ Cj ν(x)

(Eq. 2-13)

where Jj (x) is the flux of species (mol cm–2) at distance 𝑥, 𝐷𝑗 is the diffusion coefficient
(cm2 s–1),

𝜕𝐶𝑗 (𝑥)
𝜕𝑥

is the concentration gradient at distance 𝑥, 𝑚𝑗 is the charge of species j,

𝐶𝑗 is the concentration (mol cm–3),

𝜕𝜙(𝑥)
𝜕𝑥

is the potential gradient at a given distance x,

and 𝜈(𝑥) is the rate (cm s–1) of the solution flux in the x-direction.
The movement of ions by convection is minimal in the absence of stirring or
vibration in an electrochemical cell, and it can thus be ignored [13]. In the bulk solution,
at a distance from the surface where the concentration gradients are small, the diffusion
component is negligible, and the total current is carried by migration. Migration plays a
critical role in mass transport processes in low ionic strength solutions. Near the electrode
surface, the concentration gradient is significant, and thus ions are transported to and
from of the surface by both migration and diffusion processes.
The contribution of mass transport to the oxidation and reduction current densities
can be determined by performing polarization tests under various mass transfer
conditions (e.g., polarization tests using a rotating disk electrode). The current density (𝑖)
is related to the mass-transport-limiting current density (𝑖𝐿 ), which is obtained from
Levich equation (𝑖𝐿 = 𝐵𝜔0.5 ), by the Koutecky-Levich equation (Eq. 2-14).
1
i

1

1

ik

B𝜔0.5

= +

(Eq. 2-14)

where 𝑖𝑘 is the kinetic current density, B is the Levich constant and ω is the angular
rotation rate of the electrode (rad s-1) [27,28].
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In the interfacial region (𝑥 = 0), convection does not occur (i.e., the boundary
layer), and the solution can be treated as stagnant. As stated earlier in Section 2.2.1, the
equilibrium potential of half-reactions is governed by the Nernst equation. The changes in
the concentration of oxidant and reductant ions at the electrode interface can affect the
steady-state equilibrium potential of the half-reactions and consequently affect the rate of
charge transfer [29]. In addition, the potential at which the rate-determining step changes
from interfacial electron transfer to mass transport is different for metal oxidation and
oxidant reduction. Thus, using a linear dynamic approach such as that of the KouteckyLevich equation may lead to an incorrect value of 𝑖𝑐𝑜𝑟𝑟 .
2.2.3

Effect of an Oxide Layer on the Corrosion Rate
An oxide layer can affect both the electron transfer and the mass transfer

processes by changing the potential gradient and limiting ion transport, respectively.
As explained below, the overall corrosion process involves more than two major
phases and also involves more than one interface. In order for a corrosion reaction to
proceed, metal cations must transfer through the oxide phase and reach the oxide/solution
interface to dissolve into the solution phase or be incorporated into the oxide phase. A net
flux of positive charge (metal cations, holes) must take place from the metal/oxide
interface to the oxide/solution interface. At the same time, a net flux of negative charge
(electrons, oxygen anions) must transfer from the oxide/solution interface to the
metal/oxide interface [14,16,30]. These processes are schematically presented in the mass
and charge balance model shown in Figure 2.3.
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Figure 2-3: Illustration of Mass and Charge Balance (MCB) model for the corrosion
in the presence of an oxide layer [27,41,42].

In addition to the effect on mass transport, an oxide layer can create a potential
barrier and reduce the effective overpotential ( 𝑜𝑥(𝑒𝑓𝑓) ) for metal oxidation [16], which
depends on the physical and electrochemical nature of the oxide layer. A decrease in the
effective overpotential for metal oxidation results in a decrease in the corrosion rate.

2.3
2.3.1

CORROSION OF CARBON STEEL AND STAINLESS STEELS
Main Oxides and Oxyhydroxides on Steels
The main oxides and oxyhydroxides that can be formed during corrosion of

carbon steels are iron(II) hydroxide (Fe(OH)2), magnetite (Fe3O4), lepidocrocite (FeOOH), maghemite (-Fe2O3), hematite (α-Fe2O3), and goethite (α-FeOOH).
Magnetite is a black oxide with a bandgap of only 0.1 eV, and is therefore
conductive. Magnetite contains both FeII and FeIII with a crystal structure of an FCC
arrangement of O2− anions with FeIII cations filling the octahedral sites and FeII cations
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occupying the octahedral and tetrahedral interstitial sites.
Lepidocrocite is an oxyhydroxide with an orthorhombic structure consisting of
layers of FeIII oxide octahedra linked by hydrogen bonding via hydroxide ligands. The
colour of lepidocrocite ranges from yellow to reddish-brown, and it has a band gap of
2.06 eV.
Maghemite has a band gap of 2.03 eV, which is very close to that of lepidocrocite
(2.06 eV). The structure is similar to magnetite, with the difference being that almost all
the interstitial sites are occupied by FeIII. Because of the structural similarity of magnetite
and maghemite, phase transformation between the two is facile.
Hematite appears red to black in colour and has a band gap of 2.2 eV. Hematite
has the sapphire structure, with a hexagonal close-packed array of O2− and 2/3 of the
octahedral sites filled with FeIII, and is exceptionally stable.
Finally, the colour of goethite ranges from yellow to red to black. This
oxyhydroxide consists of a hexagonal (hcp) array of OH

and O2

ions with FeIII ions

occupying ½ of the octahedral sites [31]. α-FeOOH is thermodynamically more stable
than γ-FeOOH. Thus, γ-FeOOH gradually transforms into α-FeOOH once it has formed
[32]. β-FeOOH is another type of ferric oxyhydroxide that is only observed in chloridecontaining environments [33,34].
2.3.2

Solubility of Iron
The oxidation states of Fe are FeII and FeIII. In acidic solution, Fe2+ is the

predominant form of FeII, and undergoes hydrolysis to FeOH+ and Fe(OH)2(aq) in
neutral solutions and precipitates as Fe(OH)2(s). For FeIII, the aqueous species Fe3+ is
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formed in very acidic solutions, and as pH increases, it is hydrolyzed to Fe(OH)2+,
Fe(OH)2+ and Fe(OH)3(aq). Iron (III) hydroxide (Fe(OH)3(s)) precipitates in neutral
solutions, but the solubility increases again in very alkaline solutions via the formation
of Fe(OH)4− [16]. Figure 2-4 shows the solubility plot for Fe (II) and Fe (III) species.
At any given time, the total amount of dissolved iron is the sum of the dissolved
ferrous and ferric species present in the solution. In general, the solubility of FeIII
oxides is low, and FeII oxides are sparingly soluble. This means that the concentration
of Fe in the solution is very low, except at extreme pH values. Iron oxides dissolve
slowly over a wide pH range [35–37].

Figure 2-4: pH-dependent solubility of FeII, FeIII at 25 °C [37].

The minimum solubilities of the total ferrous (Fe2+) and ferric (Fe3+) species occur
at pH 12 and 8.4, respectively. An increase in temperature increases the solubility by less
than an order of magnitude, and shifts the solubility minima to lower pHs [7,29].
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2.3.3

Pourbaix Diagram for CS and Stainless Steel Systems
Corrosion can occur over a wide range of both pH and potential. A valuable tool

for studying corrosion is the potential-pH diagram (Pourbaix diagram), which was first
developed by Pourbaix to show the stability regions of the most thermodynamically
favourable corrosion products as a function of pH and electrode potential [19,20,35]. The
diagrams are plotted using thermodynamic equilibrium values for reactions between the
metal and aqueous electrolyte. The stability regions of the species and corrosion products
depend on the concentrations of dissolved species considered to be at equilibrium with
the solid compounds [17]. Each Pourbaix diagram consists of three types of
electrochemical equilibrium for a metal–water system: those (i) depending only on the
electrochemical potential; (ii) depending only on the pH; and (iii) depending on both
potential and pH [17,19,35,38]. Figure 2-5 shows the Pourbaix diagram for the ironwater system [38].
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Figure 2-5: Pourbaix diagram of the iron-water system at 25 °C [38] (reprinted with
permission from Ref. [38], © 2003, Springer-Verlag.)

Extensive work has been performed to improve the iron-water Pourbaix diagram
to include different alloying elements [39], higher temperatures [36,40], different anions
[41,42], or revised thermodynamic data for different oxides/hydroxides [33,43,44].
The Pourbaix diagram for the Fe-Cr-Ni system (three main elements found in
stainless steels) has also been studied, and the stability regions for spinels and oxide
layers calculated [39]. However, among these phases, only one (Cr2O3 or a Cr-rich oxide
layer) is capable of forming a barrier conferring corrosion resistance. Consequently, from
the corrosion point of view, displaying all of the other phases is an unnecessary
complication that adds little to the understanding of the corrosion process [45].
When discussing Pourbaix diagrams, it should be noted that these diagrams are
based purely on thermodynamic data and do not provide any information on the kinetics
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and therefore the rates of the reactions involved [46].
2.3.4

Mechanism of Evolution of CS Corrosion
The mechanism of carbon steel corrosion determined by Guo et al. [7] is

presented below in detail.
The initial electrochemical oxidation requires interfacial electron transfer
between metal and solution species:
Fem {→FeI(m) + e– } → FeII(m) + 2 e–

(Eq. 2-15)

2 H2 O+ 2 e– → 2 OH− + H2

(Eq. 2-16)

In order for corrosion to proceed, this electron transfer must be accompanied by
metal cation transfer from the metal to the solution phase, to satisfy charge conservation.
The metal cation transfer process includes lattice-bond breaking followed by solvation
(or hydration) of the cation:
FeII(m) + n H2 O → FeII(hyd)

(Eq. 2-17)

where FeII(hyd) represents the hydrated ferrous ion on the metal surface, and the overall
rate of reaction is controlled by whichever is slowest between charge transfer and mass
transfer processes.
The overall interfacial charge transfer process that produces FeII (hyd) in water is:
Fem + 2 H2 O → FeII(hyd) + 2 OH– + H2

(Eq. 2-18)

The hydrated ferrous ion can now diffuse from the surface into the bulk solution phase.
As ferrous ions are hydrated and diffuse into solution, they also undergo hydrolysis:
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Fe2+ + 2 H2 O ⇄ Fe(OH)+ + H+ + H2 O ⇄ Fe(OH)2 + 2 H+

(Eq. 2-19)

The dissolved ferrous species will henceforth be collectively referred to as
FeII(aq). The relative concentrations of the different solvated ferrous species depend on
pH. Initially, the concentration of FeII near the surface will be zero and hence the
oxidation of Fe0 to FeII coupled with solution reduction proceeds immediately,
irrespective of solution conditions. The predominant corrosion pathway immediately
following the oxidation of Fe0 to FeII is the diffusion of FeII into the bulk solution.
However, as corrosion progresses, [FeII(aq)] will increase and approach its saturation
limit, and at that point, the predominant corrosion pathway switches from dissolution to
the formation of Fe(OH)2(s). The time to reach this kinetic stage depends on the solution
environment parameters.
The FeII formed on the metal surface by t h e reaction will end up either in
the solution as dissolved ferrous ions (FeII(aq)) or in the solid hydroxide phase as
Fe(OH)2(s).
In the presence of O2, as Fe(OH)2(s) is growing, some of the FeII present on the
surface of the Fe(OH)2(s) particles can further oxidize to FeIII. The ferric ion produced
from Fe(OH)2(s) also undergoes hydration and may precipitate as hydroxides which then
grow into an oxyhydroxide or oxide of a specific phase such as 𝛾-FeOOH (lepidocrocite)
or 𝛼-Fe2O3 (maghemite).
−
4 Fe(OH)2 + O2 + 2 H2 O ⇄ 4 FeIII
(hyd) + 12 OH

(Eq. 2-20)

Mixed FeII and FeIII hydroxides can dehydrate and transform to the
thermodynamically more stable oxide magnetite (Fe3O4):
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𝐹𝑒 𝐼𝐼 𝐹𝑒 𝐼𝐼𝐼 2 (OH)8 → Fe3 O4 + 4 H2 O

(Eq. 2-21)

The possible iron oxidation reactions, dissolution processes, and formation of
the hydroxide/oxide oxidation products that can occur during CS corrosion are
identified and schematically presented in Figure 2-6.

Figure 2-6: CS corrosion reaction pathways. The red arrows represent interfacial
charge transfer steps (with ROX being the oxidation rate), the blue arrows represent
metal cation- dissolution steps at rates of RDiss (dissolution rate), and the green
arrows represent metal hydroxide/oxide formation steps at rates of RMO (mixed
oxide formation). The large black arrow at the bottom of the schematic indicates
that corrosion progresses further along the corrosion pathway and faster in a more
oxidizing solution environment [7].

Other existing mechanisms describe the charge transport processes but ignore the
changes in oxide composition and structure during corrosion and the dependence of this
on the solution environment [47–50]. However, the time-dependence of corrosion has
been considered in some models, such as point defect models [45,51–55]. In these
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models, the potential drop depends linearly on the oxide thickness:
Δ𝐸𝑜𝑥𝑖𝑑𝑒 = 𝜀. 𝐿

(Eq. 2-22)

where Δ𝐸𝑜𝑥𝑖𝑑𝑒 is the potential drop across the oxide layer,  is the oxide’s field
strength and L is the thickness of the oxide. The oxide thickness changes logarithmically
with time and eventually reaches a steady state [54]:
𝐿 = 𝐴 + 𝐵. 𝑙𝑛(𝑡)

(Eq. 2-23)

where A and B are constants and t is time.
2.3.5

Humid Air Corrosion of Carbon Steel
Humid air corrosion occurs when a thin water layer can form on a metal surface

under high relative humidity conditions. Humid air corrosion, usually referred to as
atmospheric corrosion, is mechanistically similar to aqueous corrosion [56,57]. In this
type of corrosion, the solution volume is very small, and even using specially adapted
designs, the three-electrode experimental method cannot provide accurate results [58–63].
Different electrochemical approaches such as zero resistance ammeter (ZRA),
electrochemical noise (EN), Kelvin probe, and wire beam electrode (also referred to as
multi-electrode array) have previously been adopted in environments with different %RH
to study the humid air corrosion of carbon steel [57,64–67].
A droplet can be created on a metal surface by placing different volumes of
solution on the surface to simulate the water layer produced in humid air. Droplet studies
using NaCl-containing solutions have been employed extensively in the study of humid
air corrosion [61,62,68–75]. Nishikata et al. [61] showed that the maximum corrosion
rate for iron occurs for an electrolyte layer thickness of 20 to 30 µm. They also showed
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that the corrosion rate of iron would be affected by the solution pH only under a very
thick electrolyte layer (layer thickness > 1 mm) for a short exposure period (<1 h). For
longer exposure (> 1 h), the effect of pH was negligible, probably due to neutralization.
Weissenriederz and Leygraf [72] showed that corrosion spreads at the edge of a 2 µg cm-2
sodium chloride solution droplet and attributed this phenomenon to the adsorption of
water by corrosion products formed at the edges of the droplet. In another study, the
formation of microdroplets adjacent to the main droplet was also explained based on the
spreading of the main droplet [68]. In this study, they found that when a solution droplet
contains a salt (e.g. NaCl), corrosion under the droplet progresses via the formation of
wet areas and micro-droplets around the initial droplet. The propagation of the droplet to
the coupon surface edges happens because the local pH increases due to cathodic
polarization in the droplet edge region, and consequently, adsorption of water from the air
and mass transport of water and cations from the droplet centre to the edge [68], which is
in agreement with what Wang et al. [75] reported when studying the corrosion
characteristics of carbon steel using a wire beam electrode. Based on the study of Chen
and Mansfeld [73], galvanic corrosion at the edges, due to the difference in oxygen
concentration, is the reason why oxide forms at the edges of the coupon. They claimed
that the oxygen concentration at the edge of the droplet was higher than in its interior.
This concentration difference, they claimed, in this classic “Evans drop” experiment [76],
results in localized galvanic corrosion, with the centre acting as the anode and the edge as
the cathode.
The probability of initiation of CS corrosion was found to be dependent on the
size of the NaCl droplet. Li and Hihara [77,78] showed that, under certain conditions,
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there is a minimum droplet size below which corrosion cannot initiate due to the low
probability of the droplet covering an inclusion site. They speculated that the small
droplets (< ~45 µm dia.) may contain oxygen above the critical level necessary to
passivate the steel surface. Although the initiation sites for the initiation of corrosion on
steels are inclusions (most importantly MnS), the initiation sites on pure iron have been
reported to be surface heterogeneities caused by grinding [78].

2.4

RADIATION CHEMISTRY AND IONIZING RADIATION
When a metal is exposed to γ-radiation, the radiation energy it absorbs is

dissipated mainly as heat. However, the water redox chemistry can be dramatically
affected because ionizing radiation decomposes water into a range of redox active
species. A brief overview of radiation chemistry and water radiolysis is presented below.
Radiation chemistry deals with the chemical effects produced in a system when
exposed to high-energy ionizing radiation. Ionizing radiation includes electromagnetic
radiation (X- and γ-rays) and charged particles (α- and β-particles) that can cause
ionization (along with some excitation) of molecules in a medium. Ionizing radiation
transfers its energy to an interacting medium by colliding non-discriminately with the
electrons bound to atoms and molecules in the medium. Due to its high kinetic energy,
each radiation particle undergoes a series of collisions before it loses most of its kinetic
energy. In assessing the chemical effects produced in the interacting medium upon
interaction with radiation, the rate of radiation-energy transfer per unit length or the rate
of linear energy transfer, LET, is a useful parameter. The LET depends on the mass of the
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radiation particle and is higher for α-particles than for β-particles or γ-photons. The
changes observed in matter following exposure to radiation vary depending on the type of
radiation [79–83].
Heavy particles, such as α-particles, lose their energy mainly through inelastic
collisions with electrons located along the radiation path. Due to their large mass
compared with the electrons they perturb, only small amounts of energy are lost with
each collision, and the large α-particles are not easily deflected from their paths. The
large collision cross section of α-particles with electrons prevents these particles from
penetrating deeply into a medium and therefore, they have a very short penetration depth
(10-100 µm) in water. This results in a very dense collection of excited and ionized
particles along a short stretch of the radiation track [79,80].
For low-mass particles (e.g. β-particles), energy loss also occurs mainly through
inelastic collisions, but in contrast, β-particles have a larger penetration depth. Since βparticles share the same mass as the electrons with which they interact, the particles can
lose up to half of their energy with each collision and can be deflected through large
angles. β-particles can interact with additional electrons to lose their remaining energy.
The penetration range for β-particles is 1 to 2 cm in water, and these particles create a
low-density collection of ions or excited molecules along their radiation track [79,80].
Gamma-rays transfer most of their energy by Compton scattering if their energy
exceeds 0.01 MeV [79,81,83,84] and is less than about 20 MeV. Compton scattering is a
phenomenon in which the γ-ray interaction with matter causes electron ejection from the
molecule and the resulting γ-ray photon emerges with a reduced energy. Each ejected
electron from a high-energy collision acts similarly to a -particle and produces a

31

characteristic ionization cascade. The most probable Compton scatterings are either near
100% energy transfer or near 0% energy transfer. Due to the low probability of inelastic
Compton scattering, the penetration depth of -radiation is large relative to all other
radiation forms. The ejected electrons from Compton scattering with near 100% energy
transfer are referred to as primary electrons. These primary electrons have similar
energies to -particles. Thus, the collision cross section, the collision frequency, and the
mean free path energy of primary electrons are similar to those of -particles. Therefore,
the chemical effects such as primary radiolysis product yields per unit of absorbed energy
(g-values) are essentially the same for both - and -radiation. The difference between and -radiation lies primarily in the energy transfer rate. The penetration depth of γradiation is the largest relative to other radiation forms. Each ejected electron from these
high-energy collisions acts similarly to a β-particle and prolongs the collision effect by
transferring its kinetic energy [79,81,83,84].
In radiation chemistry, the energy absorption mechanisms are insensitive to
molecular structure and are almost entirely dependent on atomic composition. Because all
molecules are equally likely to interact with the radiation, the effect on the bulk solution
predominates over the effect on solute molecules. Hence, the radiation chemistry of
solutions is described as a solvent-oriented process [79–83].
2.4.1

Principles of Water Radiolysis
When passing through liquid water, a gamma photon will undergo collisions with

water molecules. The average energy transferred, per collision, typically ranges from 60
to 100 eV [79,83]. This amount of energy is only a very small fraction of the initial
energy of the radiation particle (of the order of 1 MeV), so the collisions do not slow the
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radiation particle or change the radiation path appreciably (except at the very end of the
track). The radiation particle moves in a straight line that is referred to as a radiation
track. The initial consequence of each energy transfer collision is the ionization or
electronic excitation of a water molecule. This creates ion pairs (H2O•+ and e−hot) or
electronically excited water molecules (H2O*) along the radiation track. The electron of
this ion pair is labelled as a ‘hot’ electron because it has sufficiently high kinetic energy
to excite or ionize one or more neighbouring water molecules (the 60– 100 eV transferred
in a collision is well in excess of the ionization energy of a water molecule: 12.6 eV).
Secondary (or subsequent) ionizations caused by this ‘hot’ electron will occur very near
the first ionization that created the ‘hot’ electron, resulting in a cluster of 2-3 ion pairs (or
excited water molecules) near the radiation track. This cluster is referred to as a “spur”
[79,83].
Following ion pair production, the electrons formed in a spur can have sufficiently
high kinetic energy to move away from their H2O+ counter cations. This process is
referred to as expansion of the spur. As the spur expands, the ‘dry’ electrons that arose
from the water molecule ionization will be solvated and become hydrated electrons
(eaq−). The water cations and any excited water molecules in the spur will interact with
other solvent water molecules. Various intra- and inter-molecular energy transfer
processes will occur that can lead to bond formation and bond breaking as illustrated in
Figure 2-7. The Coulombic attraction of the counter ions diminishes as the spur expands
and the counter ions and radicals become no longer distinguishable from other ions and
radicals formed in other neighbouring spurs or already present in the bulk phase. Once
the system reaches this stage, the subsequent physical and chemical processes of these
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‘free’ species can be treated as ordinary bulk phase chemistry. The time frame during
which spur expansion occurs is approximately 100 ns in liquid water at 25 oC, as shown
in Figure 2-7. The species present at this stage are normally referred to as ‘primary’
radiolysis products and their concentrations per unit of absorbed energy are referred to as
primary radiolysis yields, or G-values. For a specific type of radiation and a given
absorbing medium, the primary radiolysis yield depends on the amount of energy
absorbed by the medium. Hence, the G-values are expressed per unit of absorbed energy
(in units of amounts of species produced per 100 eV absorbed energy, or µmolJ-1 in SI
units) [79,83].
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Figure 2-7: Water radiolysis as a function of time following absorption of radiation
energy as a pulse. The right-hand panel shows the expansion of spurs with time.
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The distribution of spurs along a radiation track is an important parameter in
determining the chemical yields of radiolysis products. The spur density along the track
mainly depends on the collision rate of the radiation particles with the bound electrons in
the water molecules. If the spur density is sufficiently high, as for high LET -radiation,
the ions and radicals in a spur can interact with those of an adjacent spur before they
diffuse into the bulk water phase. This can lead to a higher ratio of molecular to radical
primary radiolysis products. In the case of low LET radiation like X-rays or -rays the
spurs are spread out along the radiation track. This relatively large distance between
adjacent spurs allows the reactive species to diffuse more easily away from the radiation
track and avoid recombination to molecular products. This results in a higher ratio of
radical to molecular radiolysis products.
Under a continuous, steady-state flux of radiation, water molecules are
continuously interacting with radiation particles to form primary radiolysis products.
After the start of irradiation, the concentrations of water radiolysis products increase
rapidly. However, these species very rapidly begin to react with each other and other
species in the system and the chemical kinetics reach a pseudo-steady state on a time
scale that is on the order of minutes. It is the pseudo-steady-state concentrations of
reactive species and not the primary radiolytic yields of reactive species that are crucial in
evaluating the corrosion of reactor materials [79,83].
2.4.2

Humid Air Radiolysis
In a humid environment, the absorption of radiation energy by the three main

components of air (N2, O2 and H2O) results in the formation of primary radiolysis
products and subsequent stable products (NOx and HNO3) [83].
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N2, O2, H2O → → •H, •OH, •N, •O, H2, O2, H2O2, O3, NOx, HNO3

(Eq. 2.24)

To study humid air radiolysis kinetics, a humid-air radiolysis model (HARM)
[85,86] was developed in our research group and was used to calculate the timedependent concentrations of radiolysis products. The model calculations were performed
as a function of temperature, air relative humidity and radiation dose rate. The results
showed that HNO3 is the dominant oxidizing species formed during humid air radiolysis
that is capable of affecting corrosion. The HNO3 formed in the gas phase will be
continually absorbed in the condensed water droplets in contact with the humid air. This
will lower the pH of the water in the droplet in contact with the surface and increase the
concentration of nitrate, a potential oxidant for CS.
The concentrations of nitrogen species produced by irradiation of 0% RH (dry
air), 10% RH, and 85% RH air at 75 C and a dose rate of 1 kGyh−1 were calculated in a
study by Morco et al. and are shown in Figure 2-8 [86].

Figure 2-8: Concentrations of nitrogen species calculated using the humid air
radiolysis model for different relative humidities in air at 75 oC and at a dose rate of
1 kGyh−1 [86] (reprinted with permission from Ref. [86],
© 2017, Taylor & Francis, www.tandfonline.com)
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Morco’s study [85,86] indicated that nitric acid is not produced via irradiation of
dry air; the main products of the irradiation of dry air are NOx species (N2O5, NO2, N2O)
and O3. In humid air, in contrast, HNO3 production becomes significant. The other
significant product of humid air radiolysis is H2O2.
The HNO3 formed in the gas phase will be continually absorbed into water
droplets on the metal surface, lowering their pH and increasing the nitrate concentration.

2.5

CORROSION OF CARBON STEEL AND STAINLESS STEEL IN
REACTOR ENVIRONMENTS
A current investigation into a leak in the end shield cooling (ESC) system in

Ontario Power Generation’s Pickering Unit 6 reactor has indicated that moisture from
this leak could possibly reach a location in the annular air gap which exists around the
periphery of the calandria tank assembly and its supporting structures. The possibility of
the corrosion attack on carbon steel (CS) adjacent to the dissimilar metal weld
(type 309 SS) between CS (SA36) and stainless steel (SS) (Type 304L SS) at the
periphery of the annular air gap must be evaluated (shown in Figure 2-9).
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Figure 2-9: Schematic of the calandria tank assembly and its supporting structures
in a CANDU reactor. The red circle indicates the location of the carbon steel (CS)
and stainless steel (SS) weld joint (b) a SS-CS weld block supplied by Ontario Power
Generation (OPG).

Corrosion in the vicinity of a nuclear reactor core happens in the presence of highenergy ionizing radiation. Nuclear fission and the decay of fission products produce
different forms of ionizing radiation. The primary shield system that protects workers by
absorbing radiation from the reactor core is called the end shield, and is filled with
neutron-absorbing light water. Alpha and beta radiation from fission and radionuclide
decay have very short penetration depths and will therefore be blocked by all the
materials between the fuel channels and the weld region. Neutron radiation will not be of
concern either because the weld is behind the end-shield. Thus, for the CS/SS/weld in
question, only -radiation needs to be considered.
In the presence of radiation, the most important oxidizing species (due to water
radiolysis) are H2O2 [87–89], O2 [90,91], or •OH [89,92]. Studies on the corrosion of CS
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under γ-radiation are limited, and those that do exist can be categorized as either
corrosion in nuclear waste disposal environments, focusing on groundwater conditions
[93,94] or corrosion in nuclear reactor environments, focusing on high temperature
circulating water conditions [95–97]. In the latter, studies showed that H2O2 is the key
radiolysis product controlling CS corrosion [96]. Another study examined the Fe3O4/ Fe2O3 film formed on a CS surface after corrosion at 150 °C at pH 7.0 and 10.6 under γradiation [97] and concluded that the presence of γ-radiation does not necessarily increase
the corrosion rate.
Ishigure et al. [98] showed that, under irradiation, the amount of iron oxide on the
metal surface increases while the dissolved iron in the solution decreases. Based on this
finding, they concluded that γ-radiation does not have an overall marked influence on
carbon steel corrosion. In contrast, the work of Fujita et al. [99] showed that exposure to
radiation increases the rate of CS corrosion six times. Daub et al. [96] studied the CS
corrosion behaviour following the chemical addition of H2O2 at pH 10.6. They compared
the corrosion behaviour in the absence of radiation with that under γ-radiation and
observed a significant increase in the corrosion potential under γ-radiation, which was
comparable to that of chemically added H2O2 solution in the absence of radiation. They
concluded that hydrogen peroxide is the key radiolysis product controlling the corrosion
of CS.
When H2O2 is used as a solution additive to simulate water under gamma
irradiation, the measured corrosion potential of stainless steel does not change
considerably when it is removed from the hydrogen peroxide solution and, after
ultrasonic cleaning in acetone solution, placed in a solution without hydrogen peroxide,
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suggesting that H2O2 makes permanent changes to the oxide layer [100]. The same
observation was reported upon the removal of stainless steel from the presence of
radiation [89].
2.5.1

Corrosion of Carbon Steel and Stainless Steel in Nitrate Solution
The results of previous studies on the effect of nitrate on carbon steel and stainless

steel corrosion are inconsistent and contentious, leaving some issues unclear. The studies
on adsorption and reduction mechanisms are in separate publications and the results
regarding how different conditions affect corrosion are not consistent [101].
Sridhar et al. [102] studied the effect of nitrate on the stress corrosion cracking of
carbon steel in radioactive waste storage systems. Their analysis concluded that nitrate is
an aggressive agent for the localized corrosion of carbon steel and the role of nitrate and
nitrite in localized corrosion is mostly through active dissolution and passivity rather than
effect on corrosion potential. They also concluded that the pH controls the long-term
corrosion potential of carbon steel in a nitrate-containing environment.
Pillay and Lin [103] studied the effect of nitrate on the corrosion of carbon steel in
sea water. Their analysis concluded that the addition of nitrate significantly increases the
corrosion rate after 20 weeks, mostly because of microbial corrosion.
Kolman et al. [104] examined the effect of nitrate and chloride on the corrosion of
304 stainless steel using electrochemical methods. Their analysis revealed that the
corrosion of 304 SS exhibits two distinct behaviours. The stainless steel samples were
either continuously passive or there was passivity following active dissolution. They also
found that the active dissolution process was autocatalytic, with the corrosion rate
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increasing exponentially with time and potential. They reported that the length of the
active corrosion period was a function of the solution volume to surface area ratio. Their
analysis suggested that spontaneous passivation was a consequence of a change in
solution chemistry with time as opposed to changes in surface oxide composition.
2.5.2

Effect of Hydrogen Peroxide on Corrosion of Carbon Steel and Stainless
Steel
The effect of hydrogen peroxide on the corrosion of carbon steel and stainless

steels has been investigated over the past few decades. Most of the studies emphasised
the oxidative role of hydrogen peroxide in the corrosion process.
Bellanger studied the effect of radiolytic hydrogen peroxide on the passivity of a
carbon steel. The analysis results revealed the importance of hydrogen peroxide acting as
an oxidant, on the corrosion potential, passivity, and oxide thickness.
Anzai et al. [105] studied the effect of hydrogen peroxide and oxygen on the
intergranular stress corrosion cracking of 304 stainless steel. Their analysis results
revealed that hydrogen peroxide accelerated crack growth, irrespective of the oxygen
concentration.
Toijer and Jonsson [106] investigated the effect of hydrogen peroxide on the
corrosion of 304 stainless steel. They concluded that catalytic decomposition of hydrogen
peroxide resulting in hydroxyl radical formation is the main pathway for corrosion. They
also claimed that the main effect of hydrogen peroxide on stainless steel corrosion is on
the inner layer oxide (chromium-rich oxide) rather than the outer layer (iron-nickel rich
oxide).
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In another study in 2019, Makjan et al. [107] examined the effect of hydrogen
peroxide on the corrosion of 304 stainless steel at temperatures below 80 °C using
SEM/EDX analysis. Their analysis concluded that an increase in hydrogen peroxide
concentration mostly results in the depletion of Fe and Ni rather than Cr and the most
likely stable corrosion products are chromium oxides. This is in contrast with the study
by Toijer and Jonsson [106], which showed that dissolution of chromium occurs in the
presence of hydrogen peroxide. They also stated that an increase in hydrogen peroxide
concentration and temperature accelerates pitting corrosion.
Satoh et al. [108] investigated the effect of hydrogen peroxide concentration at
high temperature and high pressure on the corrosion of 304 SS. The corrosion potential
measurements and their impedance spectroscopy analysis demonstrated that the corrosion
potential in the presence of hydrogen peroxide is mainly determined by the electric
resistance of a hematite-rich layer on the surface. In another (2005) study [109,110], it
was found that oxide dissolution resistance and oxide film resistance were affected by the
presence of hydrogen peroxide. In the presence of 100 ppb hydrogen peroxide, the
dissolution resistance decreased, and the oxide film resistance increased, causing an
increase in corrosion potential. They also attributed this to the presence of two oxide
layers (an outer layer with a high dissolution rate and an inner layer with high electric
resistance) on the surface. In an article published by the same authors in 2006 [111], they
studied the oxide film on the surface and observed that the oxide thickness decreased in
the presence of hydrogen peroxide and increased in the presence of oxygen. Also, they
noted that the higher dissolution rate and oxide growth rate with high hydrogen peroxide
concentrations result in the formation of a thin oxide film and small oxide particles. In
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another work (in 2007) [112], they reported that anodic and cathodic polarizations of
samples exposed to hydrogen peroxide changed with the concentration of hydrogen
peroxide. It was found that the cathodic current was limited by the diffusion of hydrogen
peroxide through the boundary layer on the metal surface, while the anodic current
increased as a result of a hydrogen peroxide oxidation reaction. The contribution of
metallic cations to the anodic current was minor. They also found that the corrosion
potential was affected by hydrogen peroxide concentration, resulting from the
dependence of both the anodic and cathodic current densities on the hydrogen peroxide
concentration.

2.6
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3 CHAPTER 3
EXPERIMENTAL TECHNIQUES

In this chapter, the principles of the electrochemical techniques and post-analysis
methods used in this thesis are reviewed. Detailed information about the experimental
parameters and methods used in each chapter is provided in the experimental sections of
those chapters.

3.1
3.1.1

ELECTROCHEMICAL TECHNIQUES
Electrochemical Cell
All electrochemical measurements were performed using a typical three-

electrode cell arrangement. The cell (see the schematic in Figure 3-1) consists of a
working electrode (WE), a reference electrode (RE), and a counter electrode (CE). The
reference electrode used was a saturated calomel electrode (SCE, Fisher Scientific). The
CE was a 99.9% pure platinum mesh with a large surface area (5 cm2). The working
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electrode was the carbon steel (CS) or stainless steel (304L SS, or 309 SS) 1 cm diameter
coupon under study.
To avoid side product contamination, the solution in the WE compartment was
separated from those in the RE and CE compartments using porous glass frits.

Figure 3-1: Schematic of a three-electrode electrochemical cell. Schematic courtesy
of Giles Whitaker.

A potentiostat was connected to the cell to control and/or monitor the current and
potential during electrochemical tests. The potential difference between the WE and RE
is measured in this setup. The measured current is the current flow between the WE and
the CE, while the current flow between the WE and RE is prevented by a high impedance
voltammeter [1,2].
3.1.2

Potentiodynamic Polarization (PD) and Cyclic Voltammetry (CV)
Potentiodynamic polarization (PD) and cyclic voltammetry (CV) are the most

widely used techniques for studying the anodic and cathodic processes that occur on an
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electrode surface as a function of an applied potential. In both methods, the potential is
applied over a wide range (≥ ±30 mV) with a constant scanning rate, and the resulting
current is recorded. In PD, the potential is scanned in a single direction, whereas for CV,
the potential is scanned up and down sometimes in multiple cycles. At a given point in a
scan, the measured current density shows the net charge transfer occurring on the
working electrode at the applied potential. The overall potential-current relationship
provides information about the electrochemical oxidation and reduction reactions
occurring on the WE. The scan rate may also affect the current response and using
different scan rates may provide information on the relative contribution to the current of
different reactions [2]. Also, varying the final potential can provide information on the
coupling of oxidation and reduction processes. In other words, it is a way to check on the
presence of a reduction peak that corresponds to a specific oxidation peak.
3.1.3

Linear Polarization Resistance (LPR)
The Wagner-Traud equation describes the relationship between the applied

potential and the corrosion current density (𝑖𝑐𝑜𝑟𝑟 ):

𝑖 = 𝑖𝐶𝑂𝑅𝑅 [𝑒𝑥𝑝 (

2.3 (𝐸 − 𝐸𝐶𝑂𝑅𝑅 )
−2.3 (𝐸 − 𝐸𝐶𝑂𝑅𝑅 )
) − 𝑒𝑥𝑝 (
)]
𝛽𝑎
𝛽𝑐

(Eq. 3-1)

where ba and bc are the anodic and cathodic Tafel constants, respectively.
In Eq. 3-1, in a very small potential range around 𝐸𝑐𝑜𝑟𝑟 (±10 mV), an
approximately linear relationship between the applied potential and current density can be
demonstrated mathematically. This linear relationship has also been observed by many
investigators [3], and its slope is called the polarization resistance (Rp) [2,4], which is
defined mathematically as:
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∆𝐸
𝑅𝑃 = [ ]
(Ω. 𝑐𝑚2 )
∆𝑖 (𝐸𝑎𝑝𝑝−𝐸𝑐𝑜𝑟𝑟 )→0

(Eq. 3-2)

Rp is related to the corrosion current density (𝑖𝑐𝑜𝑟𝑟 ) thus:

𝑖𝑐𝑜𝑟𝑟 =

𝐵
(𝐴. 𝑐𝑚−2 )
𝑅𝑝

(Eq. 3-3)

where the constant B is defined thus:

𝐵=

𝛽𝑎 . 𝛽𝑐
2.3 (𝛽𝑎 + 𝛽𝑐 )

(Eq. 3-4)

Figure 3-2 shows the potential range in which the above equations are
applicable [5]:

Figure 3-2: Schematic illustration of linear polarization test (𝜼 = Over potential, I =
Current density) [5] (reprinted with permission from Ref. [5], © 2010 Woodhead
Publishing Limited.)

Rearranging gives:

𝑖𝐶𝑂𝑅𝑅 = (

1
𝛽𝑎 . 𝛽𝑐
)(
) (𝐴. 𝑐𝑚−2 )
2.3𝑅𝑝 (𝛽𝑎 + 𝛽𝑐 )
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(Eq. 3-5)

3.2

SURFACE ANALYSIS TECHNIQUES
The morphology and composition of the oxides formed on the corroded

CS surface were examined using a combination of microscopic (optical microscope and
scanning electron microscope (SEM)) and spectroscopic (Raman scattering) techniques.
The principles behind these techniques are described below.
3.2.1

Optical Microscopy
In the work carried out in this thesis, a digital microscope (a Leica DVM6A

digital microscope) was used to examine the morphology and topography of the corrosion
products formed on corroded CS coupons (Figure 3-5). A digital microscope uses optics
to produce an image and outputs the image using software to a monitor. In an optical (i.e.
visible light) microscope, a pair of convex lenses is used to generate the images. The
resolution (i.e., the shortest distance between two points on a specimen that still allows
two distinct entities to be identified) of optical microscopes is lower than that of SEM.
However, this surface analysis method is preferable to SEM imaging, as corrosion
products with different compositions and morphologies can be distinguished via their
colour under an optical microscope. Also, optical microscopy is very convenient to use
and does not require the use of a vacuum, preventing dehydration and other forms of
degradation that can occur under vacuum.
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Figure 3-3: Leica DVM6A digital microscope used for optical microscopy.
Photo copied from RAMPS group website (https://www.rampsgroup.org/members),
Photo taken by Giles Whitaker.

3.2.2

Scanning Electron Microscopy/ Energy Dispersive X-ray Spectroscopy
(SEM/EDX)
Scanning electron microscopy (SEM) combined with energy dispersive X-ray

spectroscopy (EDX) was used to provide information about the surface morphology and
the quantitative elemental composition of surface oxides. A schematic of the components
of a standard SEM instrument is shown in Figure 3-4.
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Figure 3-4: Schematic of a scanning electron microscope [6]. (reprinted with
permission from Ref. [6], © 2016 Elsevier Ltd.)

In this method, samples are placed in a high vacuum chamber to provide an
absorption-free path for the electron beam. A primary electron beam (200 eV–30 keV) is
produced via an electron gun and focused onto the surface. The electrons in the beam
interact with the sample, producing various signals such as secondary electrons,
backscattered electrons, characteristic X-rays, and continuum X-rays. The low energy
secondary electrons (< 50 eV) provide information about the surface topography of a
sample. Even though secondary electrons do not suffer from inelastic scattering, due to
their low kinetic energy, they suffer rapid energy losses with distance travelled, thus
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limiting their escape depth to a few nanometers [7]. This results in a greater emission of
secondary electrons at non-normal incidence of the probe than at normal incidence. The
surface topography of the sample primarily governs the intensity of the secondary
electrons. An image of a sample surface can be created by measuring the intensity of
these secondary electrons as a function of the position of the primary electron beam.
Backscattered electrons are reflected back after elastic interactions between the
beam and the sample. The intensity of backscattered electrons can be correlated to the
atomic number of the element within the sampling volume and thus provides some
qualitative elemental information. The analysis of characteristic X-rays gives quantitative
elemental details and can be obtained by employing EDX combined with SEM. In EDX,
when the primary electron beam bombards the sample, electrons are ejected from the
atoms. Electrons from a higher state fill the resulting electron vacancies and an X-ray of
corresponding energy is emitted. The wavelength of the X-ray is characteristic of a
particular element, and its relative intensity gives quantitative information on the
composition of the sampled volume. In this project, SEM analysis was carried out using a
LEO (Zeiss) 1540XB FIB/SEM microscope at the Western Nanofabrication Facility.
3.2.3

Focused Ion Beam Cross Section
This technique was used for visualization of cross-sections of cuts made into the

coupon surfaces. FIB-cutting was carried out using a gallium ion (Ga+) beam. The ions of
the beam collide with a solid sample's surface and lose energy to the surface electrons.
The consequent physical effects of the collisions of beam ions cause substrate milling
through the sputtering of neutral and ionized substrate atoms. The cross-sections were
examined using SEM.
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3.2.4

Raman Spectroscopy
Raman spectroscopy was used to characterize the chemical composition of oxides

formed on CS surfaces during corrosion experiments. Raman spectroscopy is an
analytical technique that studies the vibrational modes of a molecule [8,9].
A narrow wavelength laser with a monochromatic frequency in the visible or
near-infrared distorts the electron cloud of a molecule. The induced changes in the
polarizability of the electron cloud after interaction with light are determined. The
majority of the scattered light has the same frequency as the incident beam, which is
referred to as Rayleigh scattering. Raman scattering, by contrast, is an inelastic process, is
very weak (low probability), and produces light that is shifted in wavelength compared to
the source.
The vibrational transitions of a chemical compound are characteristic of that
compound, and Raman shifts, which correspond to these transitions, can be used to
identify the compounds [9,10]. For a vibrational mode of a molecule to be Raman active,
it must have a non-zero derivative of its polarizability [9,10].

3.3
3.3.1

SOLUTION ANALYSIS TECHNIQUES
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
The concentrations of iron and other elements in solution after electrochemical

tests and coupon exposure studies were determined using ICP-OES. The ICP-OES
technique is based upon the spontaneous emission of photons from excited ions and
atoms. A schematic of a typical ICP-OES instrument is presented in Figure 3-5. Prior to
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the analysis, the liquid samples were digested using trace analytical grade nitric acid
solution (Fisher Scientific) to dissolve any solid particles present in the solution. The
sample solution first converted to an aerosol (nebulization) and then injected into the
plasma. Inductively coupled plasma (ICP) is performed at a temperature high enough
(between 8000 and 10000 K) to vaporize the aerosol and convert it to a plasma, in which
all the solution elements are present as free atoms in the gaseous state [11]. Atoms are
promoted to excited states through further collisions within the plasma. Atoms may also
be ionized and subsequently excited. The photons emitted via the relaxation from the
excited state to the ground state have characteristic energies, depending on the element.
The wavelengths of the detected photons can therefore be used to identify the elements.
The intensity at this wavelength is proportional to the concentration of the element in the
sample, so the concentrations of elements in samples can be determined using a
calibration curve made with solutions of known concentrations [11].

Figure 3-5: Schematic of an Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) instrument [10] (reprinted with permission from Ref. [11],
© 2021 Springer Nature.)
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3.3.2

UV-Vis Spectrophotometry
Ultraviolet-visible spectroscopy (UV-Vis) was employed to determine the

concentration of H2O2 in test solutions using the Ghormley tri-iodide method [12]. In the
presence of an ammonium molybdate catalyst, I− is oxidized to I3− by H2O2. The I3−
formed has a maximum absorption at 350 nm with a molar extinction coefficient of
25,500 M−1cm−1 [13]. Using this method, the detection limit for [H2O2] was determined
to be 310−6 M.
The UV-Vis studies were carried out using a diode array UV spectrometer
(BioLogic Science Instruments). The wavelength and amount of light that compounds
absorb depend on their molecular structure and their concentration [8].

3.4

SAMPLE IRRADIATION
All radiation experiments were performed using an MDS Nordion 220 Excel

gamma cell, as shown in Figure 3-6.
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(b)

(a)

Figure 3-6: Photograph of the 60Co irradiator (220 Excel, MDS Nordion)

The gamma cell uses radioactive 60Co to produce gamma rays through a process
of radioactive decay:
60

Co → 60Ni + β + 2γ

(Eq- 3-6)

Both gamma rays (γ) and beta particles (β) are emitted, but the beta particles are
blocked from entering the sample by the metal shielding around the sample container,
and thus the sample is irradiated only by γ-rays. The two γ-rays emitted have different
energies, 1.332 MeV and 1.173 MeV. The dose rate of the gamma cell during the time
when these experiments were performed was 2.0 kGy h-1 (1 Gy is 1 J/kg). Test vials
were placed in a circular sample holder to ensure they all received the same radiation
dose during the irradiation period.
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4 CHAPTER 4
CORROSION BEHAVIOUR OF CARBON STEEL IN
NITRATE SOLUTIONS

4.1

INTRODUCTION
Carbon steel (CS), because of its low processing cost, low production cost, and

high strength, is the material of choice for many structures [1,2], including for many
components of nuclear power plants.
Reactor structural materials are exposed to a continuous flux of ionizing radiation,
such as -, - and γ-radiation. The energy of the ionizing radiation particles or photons
these materials are exposed to is less than 10 MeV, which is not large enough to induce
nuclear reactions or atomic displacement in a solid interacting medium. However, the
energy of each particle or photon is still large enough to indiscriminately ionize tens of
thousands of atoms and molecules on its path [3,4]. Because of its indiscriminate nature,
radiation-induced processes are often referred to as solvent-oriented processes, as
opposed to solute-oriented processes (a process in which the bulk solution remains
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largely unaffected by the presence of the radiation [4–10]) induced by, for example, UV
photolysis [3–6,9,11–13]. In a low dielectric constant medium such as a metal, the ions
and electrons quickly recombine, and the radiation energy transferred to the interacting
medium quickly dissipates as heat. In a high dielectric constant medium such as water,
the ions and excited species continue to undergo chemical processes such as
decomposition to reactive species, which can significantly affect the chemical kinetics of
aqueous solution reactions and the degradation dynamics of materials exposed to the
aqueous solution and/or humid air. Of the types of ionizing radiation, a- and b-particles
significantly affect only the corrosion of nuclear fuel and/or fuel cladding materials, and
not that of out-of-core reactor materials, because of their short penetration depths.
Because each radiation particle or photon undergoes tens of thousands of collisions with
atoms and molecules on its path, ionizing radiation affects materials degradation by
producing reactive species not directly at a solid-liquid or solid-gas interface but
homogeneously in a bulk solution phase. The radiolysis products that are formed within a
time scale less than 100 ns upon collision with radiation are referred to as the primary
radiolysis products. In a continuous flux of ionizing γ-radiation, water decomposes to
yield a range of chemically reactive species [4,14].
(Eq. 4-1)

H2O → • OH, eaq̅, H•, HO2•, H2, H2O2, H+

While the concentrations of these primary radiolysis products may be limited by
their rapid recombination, low steady-state concentrations are rapidly achieved [15–19].
Gamma-radiation excites the ions and molecules of water and humid air and can
decompose solvent molecules (water and humid air), resulting in redox-active species
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such as H2O2 and HNO3.
Aqueous corrosion is an electrochemical process, which involves a metal
oxidation half-reaction coupled with a reduction half-reaction of a dissolved oxidant by
exchanging electrons via the conducting medium of the metal. The overall corrosion
process occurs in multiple elementary steps, including (i) interfacial electron transfer
between the redox pairs involved in the half-reactions at the metal-solution interface (or
metal-oxide and oxide-solution interfaces, if an oxide layer is present between the metal
and solution phases); (ii) solution transport of the redox pair to and from the interfacial
region to the bulk solution; and (iii) solution reactions (hydrolysis) [20,21]. However,
corrosion differs from typical electrochemical processes occurring on inert (conducting or
semi-conducting) electrodes in one key aspect: the metal oxidation half-reaction involves
the interfacial transfer of not only electrons but also metal atoms.
The concentrations of redox-active species can control the corrosion rates of
metals. Because these radiolysis products can affect corrosion kinetics, it is important to
study the effect of γ-radiation on the corrosion performance of structural materials. The
kinetics of water radiolysis have been well studied under a wide range of solution
conditions using both radiolysis kinetics modelling and experimental data [19,22–27].
There has also been extensive research on the corrosion of carbon steel and stainless
steels in the presence of -radiation [28–35]. A humid-air radiolysis model (HARM)
[10,24] was developed in our group and was used to calculate time-dependent
concentrations of radiolysis products. These calculations were performed as a function of
temperature, relative humidity in air and radiation dose rate. The results showed that
HNO3 is the dominant oxidizing species formed during humid air radiolysis. These
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results were analyzed to formulate the overall radiolytic production rate of nitric acid
absorbed in the water that the supporting structure steels may come into contact with.
Nitric acid is a powerful oxidant, and its formation makes the solution system
complex [24]. The continuous addition of nitric acid not only can affect the metal
solution redox reactions but also changes the solution pH and hence the solubility of iron
and other metals [5]. Nitrate ions also affect the solubility of Fe3+ ions and hinder the
precipitation of Fe3+ oxides via the formation of soluble Fe3+-NO3– complexes [36].
The corrosion of CS and other transition metals (Cu and Ni) in different solution
environments has been studied in our group [5,6,9,33,37]. These studies have shown that
the corrosion of CS and transition metals evolves through different dynamic stages. In
this study, the effects of Fe3+ and NO3– concentration on CS oxidation were investigated
using electrochemical techniques.
In the absence of Fe3+ and NO3–, [H+] determines the proton reduction electron
transfer rate, which is coupled with metal oxidation. It can also affect the rate of metal
ion solvation, hydrolysis, and metal hydroxide precipitation. The presence of redox-active
species affects the evolution of interfacial electron transfer, interfacial mass (metal atom)
transfer and solution-phase processes.
The evolution of the elementary steps and the rate-determining steps that control
the overall metal oxidation rate were investigated by measurements of corrosion potential
as a function of time (𝐸𝑐𝑜𝑟𝑟 (𝑡)) and the current vs potential relationships under
potentiodynamic conditions. The key elementary steps involved in the corrosion of CS
and how the solution environment affects these elementary steps have previously been
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identified and are summarized below [5,33]. The main elementary steps are also included
in Table 4-1.
Table 4-1: Elementary reactions involved in the overall oxidation of pure Fe.
Adapted from [6,9,38].
Rxn
ID
M1

Reaction
Type
Electron
transfer

Equation

Rate ID
𝝊𝑴𝟏

−
Fe0(m)|int ⇌ Fe2+
(aq)|int + 2 e

𝒊𝑴𝟏 =nF. 𝝊𝑴𝟏

This is a reversible process, consisting of two reaction steps (𝜐𝑀1 = 𝜐𝑀1𝑓 − 𝜐𝑀1𝑟 ):
𝜐𝑀1𝑓 = 𝑘𝑀1𝑓 . (𝐹𝑒 0 )𝑖𝑛𝑡  𝑘𝑀1𝑓

0
2+
(𝑀1𝑓): 𝐹𝑒(𝑚)|𝑖𝑛𝑡
® 𝐹𝑒(𝑎𝑞)|𝑖𝑛𝑡
+ 2𝑒 −
0
2+
(𝑀1𝑟): 𝐹𝑒(𝑎𝑞)|𝑖𝑛𝑡
+ 2 𝑒 − ® 𝐹𝑒(𝑚)|𝑖𝑛𝑡

𝜐𝑀1𝑟 = 𝑘𝑀1𝑟 . (𝐹𝑒 𝐼𝐼 )𝑖𝑛𝑡

Where (𝐹𝑒 𝐼𝐼 )𝑖𝑛𝑡 represents the overall redox activities of Fe2+ in the interfacial
region.
Ion
diffusion

2+
Fe2+
(aq)|int ⇝ Fe(aq)|bulk

Hyd

Hydrolysis

Fe2+ + n OH- ⇌ Fe(OH)m2-m + (n-m) OH-

𝝊𝑯𝒚𝒅

Gel

Hydrogel
formation

III
Fe(OH)2 /Fe(OH)3 ⇝ FeII
x Fey (OH)2z (gel)

𝝊𝑮𝒆𝒍

M2

Electron
transfer

2+
3+
{𝐹𝑒(𝑎𝑞)|𝑖𝑛𝑡
⇌ Fe(𝑂𝐻)2 } ⇌ {𝐹𝑒(𝑎𝑞)|𝑖𝑛𝑡
⇌
−
Fe(𝑂𝐻)3 } + 𝑒

𝝊𝑴𝟐

Trans

𝝊𝑻𝒓𝒂𝒏𝒔

𝒊𝑴𝟐 =nF. 𝝊𝑴𝟐

This is a reversible process, consisting of two reaction steps (𝜐𝑀2 = 𝜐𝑀2𝑓 − 𝜐𝑀2𝑟 ):
2+
3+
(𝑀2𝑓): {𝐹𝑒(𝑎𝑞)|𝑖𝑛𝑡
⇌ Fe(𝑂𝐻)2 }®{𝐹𝑒(𝑎𝑞)|𝑖𝑛𝑡
⇌ Fe(𝑂𝐻)3 } + 𝑒 − 𝜐𝑀2𝑓 
𝑘𝑀2𝑓 . (𝐹𝑒 𝐼𝐼 )𝑖𝑛𝑡
3+
2+
(𝑀2𝑟): {𝐹𝑒(𝑎𝑞)|𝑖𝑛𝑡
⇌ Fe(𝑂𝐻)3 } + 𝑒 − ®{𝐹𝑒(𝑎𝑞)|𝑖𝑛𝑡
⇌ Fe(𝑂𝐻)2 } 𝜐𝑀2𝑟 =
𝑘𝑀2𝑟 . (𝐹𝑒 𝐼𝐼𝐼 )𝑖𝑛𝑡

Where (𝐹𝑒 𝐼𝐼 )𝑖𝑛𝑡 and (𝐹𝑒 𝐼𝐼𝐼 )𝑖𝑛𝑡 represent the overall redox activities of FeII and FeIII
species (dissolved and colloidal) in the interfacial region.
Oxd

Oxide
crystal
growth

Fe(OH)2 + 2 Fe(OH)3 ®® Fe3O4 + 4 H2O
Fe(OH)3 ®® FeOOH + H2O
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𝝊𝒐𝒙

In Stage 1, the oxidation of iron is accompanied by the production of OH– (or
consumption of H+) by solution reduction reactions. The oxidation reaction is followed
by the transport of metal cations from the surface to the bulk solution. In the absence of
dissolved oxygen:
Interfacial charge transfer reactions at the metal surface:
Fe(m) ⇌ Fe2+ + 2 e–

Metal oxidation reaction:

Oxidant reduction: Hydrogen reaction: 2 H+ + 2 e- ⇌ H2

(Eq. 4-2a)
(Eq. 4-2b)

2 Fe(m) + 2 H+ → 2 Fe2+ + 2 H2 (Eq. 4-2c)

Overall charge transfer reaction:
where the subscript (m) denotes the solid metal.

The interfacial mass transfer reactions and the transport of solution oxidants to the surface:
Mass transport of metal cations:

Fe2+|x=0→→ Fe2+|x=sol

(Eq. 4-3a)

Mass transport of oxygen:

O2|x=sol→→ O2|x=0

(Eq. 4-3b)

Mass transport of hydroxide ions: OH-|x=0→→ OH-|x=sol

(Eq. 4-3c)

where x represents the distance of species from the surface, and sol denotes the solution phase.
The formation of an Fe(OH)2 gel layer starts at the surface once the interfacial region is
saturated with Fe2+ ions.
The formation of a viscous FeII hydroxide layer (the greenish gel) through hydrolysis and
hydrogel formation:
Fe2+ + n OH- ⇌ Fe(OH)m2-m + (n-m) OH- where n  m = 1, 2, or 3

(Eq. 4-4a)

n Fe(OH)2 + m H2O ⇄ Fem(OH)2n(H2O)m(gel)

(Eq. 4-4b)
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Redox reactions in the hydrogel network:
Oxidation half-reaction of FeII: 2 Fe(OH)2 + 2 OH- ⇄ 2 Fe(OH)3 + 2 e- (Eq. 4-5)
With time, the transport of metal ions from the metal/solution interface to the bulk
solution slows down, once the non-dispersible gelatinous layer has formed. The
formation of hydrogel as a slow transport medium promotes systemic feedback between
chemical reactions and mass transport processes. In the Transition stage (the end of
Stage 2), the formation of iron oxide occurs via the reactions below:
Magnetite Formation: Fe(OH)2 + 2 Fe(OH)3 →→ Fe3O4 + 4 H2O

(Eq. 4-6a)

γ-FeOOH Formation: Fe(OH)3 →→ FeOOH + H2O

(Eq. 4-6b)

Electron transfer between FeII and FeIII is faster in the hydrogel than in the aqueous
solution [5,39–41].
When nitrate is present in the solution, [Fe3+] and [NO2-] are initially both zero. The
coupling between the reduction half-reaction of ferric ion to ferrous ion with the
oxidation half-reaction of hydroxide ions to oxygen is not as effective as that involving
nitrite/nitrate due to the very high activation energy of oxidation of OH- to O2 [5]. Thus,
although [OH-] also increases with time in the interfacial region, it diffuses out into the
bulk solution rather than reducing ferric ions. Depending on the steady-state
concentration of FeII and FeIII and also on the concentration of oxygen or other oxidants
in the interfacial region, the oxidation rate of FeII to FeIII will be different.
This chapter investigates the effect of nitrate ions on the corrosion of CS by
performing electrochemical experiments. First, a corrosion potential (𝐸𝑐𝑜𝑟𝑟 ) experiment
was carried out to determine how corrosion evolves with time. Then, potentiodynamic
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experiments were performed, with the anodic and cathodic branches of potentiodynamic
curves in pH 6.0 buffered solution with different concentrations of NaNO3 being
investigated. Additionally, the corrosion behaviour was studied by comparing the results
in NaNO3 solutions containing Fe(NO3)3 to investigate the effect of nitrate ions in the
presence of Fe3+ ions to understand the effect of the presence of FeIII in the solution.
Understanding this is important when more oxidizing environments (i.e., in the presence
of radiolysis products) and limited solution volumes (Chapter 7 and Chapter 8) are
being studied. The effect of nitric acid (effect of nitrate in acidic solutions) is discussed in
Chapter 5.

4.2
4.2.1

EXPERIMENTAL PROCEDURES
Sample Preparation
ASTM A36 carbon steel (CS) (provided by Ontario Power Generation Inc. (OPG))

test coupons of 1 cm diameter and 1 cm thickness were used in this study. The
composition of this alloy is listed in Table 4-2. The coupons were polished manually with
a series of abrasive silicon carbide papers (80, 320, 400, 600, 1200, and 2500 grit). This
was followed by polishing on a Texmet microcloth (Buehler) with a 1 μm MetaDi
Supreme diamond paste suspension (Buehler) and, lastly, sonication in an
acetone/methanol mixture for 5 min to remove polishing residues. The polished coupons
were then rinsed with Type I water and dried in flowing argon.
In this chapter, the electrochemical tests were performed by exposing one face of
the samples (1 cm dia.) to the 100 mL of test solution volume contained within the
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electrochemical cell. All other surfaces were covered with Teflon tape to isolate the
electrical connection (a metal rod, which screws into the back of the sample) and ensure
that the exposed surface area remained the same in all experiments. After each
experiment, the sample was inspected visually to ensure that the covered surfaces were
not in contact with the test solution.
Table 4-2: Chemical composition of carbon steel ASTM A36 CS.
Element

C

Mn

P

Cr

Ni

S

Si

Cu

Mo

Fe

(wt. %)

0.15

0.84

0.024

0.16

0.23

0.03

0.24

0.23

0.03

Bal.

4.2.2

Solution Preparation
All solution conditions studied in this chapter are summarized in Table 4-3

Table 4-3: List of solution conditions presented in Chapter 4.
[NO3–] (M)

Solution Composition

0 (Blank)
10-4
10-3
NaNO3

10-2
0.1

pH 6.0 buffered solution

0.3

+

1
0
0.1
Fe(NO3)3
0.3
1

All solutions were prepared with water purified with a NANO pure Diamond UV
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ultrapure water system (Barnstead International) to give a resistivity of 18.2 MΩ.cm. The
pH 6.0 buffered solutions were prepared using 0.01 M concentrations of sodium borate
(Na2B4O7.10H2O), and then adjusted to pH 6.0 by adding boric acid (H3BO3, analytical
grade, Caledon Laboratories Ltd.). The pH of the solution was measured using an
AccumetÒ Basic AB15 pH meter. Then, sodium nitrate was added to the buffered
solution of pH 6.0 to make solutions with different nitrate concentrations. For
comparison, the same electrochemical experiments were performed in Fe(NO3)3containing solutions with the same concentrations of nitrate in pH 6.0 buffered solutions
(0.1 M, 0.3 M, and 1 M), but the amount of Fe3+ was one-third of the nitrate
concentration.
4.2.3

Electrochemical Tests
All electrochemical measurements were performed using a three-compartment cell

with CS as the WE, a saturated calomel electrode (SCE, Fisher Scientific) as the
reference electrode, and a platinum mesh as the CE. The electrochemical tests were
conducted using a BioLogic VMP-300 multichannel potentiostat. All experiments in this
chapter were performed in Ar-purged solutions. The deaeration process started with
purging the solution with argon for 45 min prior to the test, and continued during the
experiment.
Before each experiment, cathodic cleaning was conducted at -0.230 VRHE for
5 min. Then the corrosion potential (𝐸𝑐𝑜𝑟𝑟 ) was measured for 8 h, and

finally

potentiodynamic polarization was performed by scanning the potential with a scan rate of
0.167 mV s-1 from -0.3 V to 0.2 V with respect to 𝐸𝑐𝑜𝑟𝑟 . All experiments were repeated at
least three times to ensure reproducibility.
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4.3

RESULTS AND DISCUSSION
A chemical reaction occurs in order to achieve chemical equilibrium (i.e., to

minimize the free energy of the reacting system). When a chemically closed system
reaches equilibrium (i.e., the state of minimum chemical potential), the net rate of
reactions is zero. The corrosion potential (𝐸𝑐𝑜𝑟𝑟 ) is the potential at which the sum of the
rates of the oxidation reactions 𝑖𝑜𝑥 , and the sum of the rates of the reduction reactions
|𝑖𝑟𝑒𝑑 |are equal, but opposite in sign, adding up to zero [1,9,20,29,33,37,42]. However,
determination of the redox equilibrium potential during the corrosion process is not
possible using an 𝐸𝑐𝑜𝑟𝑟 measurement. Similarly, measurement of the rate of each redox
reaction is also impossible. When the chemical reaction is a reversible process, and the
redox pair is at chemical equilibrium, for an oxidation reaction to occur, the 𝐸𝑐𝑜𝑟𝑟 of the
𝑒𝑞

system must be higher than the 𝐸𝑟𝑥𝑛 of the oxidation reaction. In a corroding system, the
𝑒𝑞

comparison of 𝐸𝑐𝑜𝑟𝑟 with its 𝐸𝑟𝑥𝑛 value is not to determine whether the redox reaction
can occur or not but to determine how the overall metal oxidation process evolves with
time. Thus, a comparison of the equilibrium potential of redox reactions with the 𝐸𝑐𝑜𝑟𝑟
graph and analysis of the trend of changes in the 𝐸𝑐𝑜𝑟𝑟 can be employed to obtain
mechanistic information on the evolution of the metal redox half-reaction(s) that may
occur as corrosion progresses to understand the corrosion system. The parameter that
controls the net reaction rate of an electrochemical half-reaction is the overpotential,
𝑒𝑞
𝑟𝑥𝑛 = 𝐸𝑒𝑙𝑒𝑐 − 𝐸𝑟𝑥𝑛
[20,43,44]. The 𝑟𝑥𝑛 , which is the difference between the

electrode potential (𝐸𝑐𝑜𝑟𝑟 under naturally corroding conditions or 𝐸𝑎𝑝𝑝 applied during
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𝑒𝑞

polarization) and the 𝐸𝑟𝑥𝑛 , is what controls the net rate of that half-reaction [6,20,43].
𝑒𝑞

The 𝐸𝑟𝑥𝑛 values for different metal oxidation reactions on CS at 25 °C are calculated
0
from the standard redox potentials (𝐸𝑟𝑥𝑛
) [45] for the range of potentials tested in this

study (See Figure 4-1), and are also listed on the left side of the 𝐸𝑐𝑜𝑟𝑟 and PD graphs
(Figure 4-2).

𝒆𝒒

Figure 4-1: The diagram of 𝑬𝒓𝒙𝒏 of some of the redox reactions involved in CS
corrosion.

𝑒𝑞

The 𝐸𝑟𝑥𝑛 values of various redox half-reactions involving iron species were
calculated from the reported standard Gibbs free energies of formation (∆𝑓 𝐺 ° ) of the
chemical species involved in the redox reactions and their chemical activities in solution
[33,46]. The chemical activities of H2O and solid species are 1, and those of dissolved
species such as metal cations are assumed to be the same as their concentrations.
Oxidizing conditions and solution pH are key parameters that strongly control the CS
𝑒𝑞

corrosion path [30,33,35,47]. The 𝐸𝑟𝑥𝑛 values of the redox reactions involving solid
metal and hydroxides/oxyhydroxides/oxides also decrease by 59 mV per pH-unit increase
when the ratio of H+:e– transferred in these redox-reactions and the chemical activity of
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𝑒𝑞

solid species are one. Therefore, 𝐸𝑟𝑥𝑛 on the reversible hydrogen electrode (RHE) scale,
𝑒𝑞

in VRHE units, is independent of pH. In this thesis, the 𝐸𝑐𝑜𝑟𝑟 and 𝐸𝑟𝑥𝑛 values are presented
relative to the VRHE scale to directly compare the overpotential for a redox reaction
involved in corrosion at different pHs. The 𝐸RHE on the standard hydrogen electrode
(SHE) potential scale decreases by 59 mVSHE per unit pH increase, but on the VRHE scale
𝐸RHE = 0.0 VRHE at all pHs:
H+ + 2 e– ⇄ H2

𝑒𝑞

(Eq. 4-7)

𝐸RHE = 𝐸H+ ⇄ H = 0.0 VRHE (at all pHs)
2

An electrode potential on the RHE potential scale (E (VRHE)) is related to a potential on
the standard hydrogen electrode (SHE) scale (E (VSHE)) by:
(Eq. 4-8)

E(VRHE) = E(VSHE) + 0.059  pH

For the chemical activity of H2 in its standard state, the RHE potential is 0.0 VRHE.
However, the dissolved H2 is in partitioning equilibrium with gaseous H2 at a partial
pressure of 1 atm (the standard state of H2). The fraction of gaseous H2 in normal air is ~
𝑒𝑞

610-7 [6,9]; thus, the 𝐸H+⇄ H value is 0.154 VRHE. The fraction of H2 in an Ar-purged
2

environment (conditions of all experiments in this chapter) was unavailable, but we can
𝑒𝑞

assume that its fraction is below that in normal air. Thus, the 𝐸H+⇄ H value under the
2

conditions studied in this thesis should be > 0.154 VRHE.
Nitrate, like other polyoxygenated anions, can be reduced in multiple steps (to
NO2–, NO–, N2O, N2, and NH3/NH4+). Although the reduction of NO3– to N2O and NH4+
is thermodynamically possible, for kinetic reasons only the first reduction step (NO3–
/NO2–) can effectively couple with iron oxidation [6,48,49].
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(Eq. 4-9)

NO3- + 2 H+ + 2 e- → NO2- + H2O

The equilibrium potential for the NO3–/NO2– half-reaction (Eq. 4-9) could not be
defined accurately because the concentration of NO2– in the interfacial region is not
𝑒𝑞

known. The lower [NO3–]/[NO2–] is, the lower the 𝐸NO3−⇌ NO2− value will be. The value
of this equilibrium potential decreases from 1.022 VRHE to 0.845 VRHE when the ratio
of [NO3–]/[NO2–] decreases from 106 to 1.
𝑒𝑞

Only the 𝐸𝑟𝑥𝑛 diagrams for redox half-reactions involving solid iron redox pairs
𝑒𝑞

are presented in the figures throughout this chapter. For the 𝐸𝑟𝑥𝑛 values presented in
Figure 4-1 and Figure 4-2, a chemical redox activity of 1.0 was used for the solid
species, Fe0, Fe(OH)2, Fe(OH)3 and Fe3O4.
𝑒𝑞

𝑒𝑞

𝐸Fe0 ⇄Fe2+ (Eq. 4-10), and 𝐸Fe2+ ⇄Fe3+ (Eq. 4-11) are not presented in the graph
shown in Figure 4-2:
Fe2+(aq) + 2 e– ⇄ Fe0(m)
Fe3+(aq) + e– ⇄ Fe2+(aq)

𝑒𝑞

0
𝐸Fe
= −0.44 VRHE
2+
⇄Fe0

(Eq. 4-10)

0
𝐸Fe
= 0.77 VRHE
2+
⇄Fe0

(Eq. 4-11)

𝑒𝑞

𝐸Fe0 ⇌Fe2+ and 𝐸Fe2+⇌Fe3+ depend on the chemical activity (~ concentration) of Fe2+ in the
interfacial region ((𝑎𝐹𝑒 2+ )𝑖𝑛𝑡 ) or Fe3+ in the interfacial region ((𝑎𝐹𝑒 3+ )𝑖𝑛𝑡 ). As discussed
in more detail later, (𝑎𝐹𝑒 2+ )𝑖𝑛𝑡 or (𝑎𝐹𝑒 3+ )𝑖𝑛𝑡 is determined not only by the net
electron/metal atom transfer step but also by the transport of Fe2+ or Fe3+ from the
interfacial region to the bulk solution and/or by other removal processes of Fe2+ or Fe3+
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from the interfacial region. There exists no true chemical equilibrium state for the
interfacial mass transfer process; otherwise, the equilibrium potential of the reaction
𝑒𝑞

𝑒𝑞

(𝐸Fe0 ⇌Fe2+ and 𝐸Fe2+ ⇌Fe3+ ) would be determined by (𝑎𝐹𝑒 2+ )𝑖𝑛𝑡 or (𝑎𝐹𝑒 3+ )𝑖𝑛𝑡 .
When the steady-state concentrations of Fe2+ in the interfacial region are below
their respective solubility limits,
0
0
𝐸𝐹𝑒
2+ ⇄𝐹𝑒 0 < 𝐸 2+
Fe (sat'd)⇄Fe0

(Eq. 4-12)

where Fe2+(sat’d) represents [Fe2+(aq)] at its saturation limit.
However, steady-state exists when the solution is saturated with metal cations.
Metal cations dissolved in water are in hydrolysis equilibrium:
Fe2+ + n OH– ⇌ Fe(OH)x2-x + (n-x) OH– where x = 1,2, or 3

(Eq. 4-13)

Due to the hydrolysis and solid-liquid equilibria, the redox half-reaction of Fe0 to
Fe2+(sat) and Fe2+ to Fe3+(sat) is also at equilibrium when the oxidation half-reaction of Fe0
𝑒𝑞

to amorphous Fe(OH)2 is at equilibrium. Hence, the 𝐸𝑟𝑥𝑛 starts very low but increases
until metal cation concentration reaches its saturation limit.
When the total concentration of dissolved metal cations (Fe2+ + Fe(OH)+ +
Fe(OH)2 . nH2O + Fe(OH)3–) exceeds its saturation limit, the dissolved species precipitate
with OH- as solid Fe(OH)2 [46,50]:
Fe2+(sat) + 2 OH– ⇄ Fe(OH)2(solid)

(Eq. 4-14)

The chemical activities of metal hydroxides in colloidal form or in a hydrogel network
will not be 1.0, because transition metal hydroxides are hygroscopic, and thus initially
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condense as colloids in water and/or aggregate to form a hydrogel network [5,51,52].
𝑒𝑞

𝑒𝑞

𝐸𝐹𝑒 0 ⇆𝐹𝑒 2+ < 𝐸𝐹𝑒 0 ⇆𝐹𝑒 2+
(𝑎𝑞)

(𝑎𝑞 𝑎𝑡 𝑠𝑎𝑡)

𝑒𝑞

= 𝐸𝐹𝑒 0 ⇆𝐹𝑒(𝑂𝐻)

(Eq. 4-15)

2

There are two possible pathways for forming solid Fe(OH)2 from oxidation of
Fe(m). One pathway involves the direct interfacial transfer of iron atoms from the solid
metal to the solid hydroxide phase at the metal-hydroxide interface, coupled with the
interfacial transfer of OH– from the solution phase to the solid hydroxide at the
hydroxide-solution interface via electron transfer through the solid hydroxide phase. In
this pathway, the metal is not exposed to the aqueous solution. This is a very energetic
process, not only thermodynamically (high Gibbs free energy of reaction, i.e., high
𝑒𝑞

𝐸Fe⇌𝐹𝑒(𝑂𝐻)2 ) but also has a high activation energy [20–22].
Fe(OH)2(solid) + 2 H+ + 2 e– ⇄ Fe0(m) + 2 H2O

(Eq. 4-16)

The second pathway involves oxidation of Fe0(m) to Fe2+(solv) followed by
precipitation of Fe2+(solv) with OH– when (𝑎𝐹𝑒 2+ )𝑖𝑛𝑡 is at or above its saturation limit. Due
to the hydrolysis and solid-liquid equilibria, the redox half-reaction of Fe0(m) to Fe2+(solv),
when the interfacial region is saturated with Fe2+(solv), is also in equilibrium with the
redox half-reaction of Fe0(m) to Fe(OH)2:
Fe0(m) +2 H2O ⇄ Fe2+(sat’d) + 2 H2O + 2 e– ⇄ Fe(OH)2(gel) + 2 H+ + 2 e–

(Eq. 4-17)

Iron hydroxide is hygroscopic, and the Fe(OH)2 precipitates initially as colloids,
which can then aggregate to form a hydrogel network [5,33,38]. To differentiate from the
solid layer of Fe(OH)2 in contact with iron metal in reaction (Eq. 4-16), the Fe(OH)2
formed by the precipitation of dissolved ferrous ion is represented by Fe(OH)2(gel) in the
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above equation (Eq. 4-17). Hence, when both redox species, Fe0(m) and Fe(OH)2, are fully
exposed to the aqueous solution,
𝑒𝑞

𝐸Fe(OH)

0
2(gel) ⇄Fe

4.3.1

𝑒𝑞

≈ 𝐸Fe2+ (sat'd)⇄𝐹𝑒 0 = -0.09 VRHE

(Eq. 4-18)

The Evolution of 𝑬𝒄𝒐𝒓𝒓 as Function of Time
Figure 4-2 compares log 𝐸𝑐𝑜𝑟𝑟 (𝑡) as a function of time during corrosion of CS

electrodes in pH 6.0 buffered solution in the presence of different concentrations of
NaNO3 or Fe(NO3)3.

Figure 4-2: 𝑬𝒄𝒐𝒓𝒓 of CS as a) a function of 𝒕𝒄𝒐𝒓𝒓 b) a function of 𝒍𝒐𝒈 (𝒕𝒄𝒐𝒓𝒓 ) in
buffered solutions of pH 6.0 containing different concentrations of NaNO3 and
Fe(NO3)3, taken immediately after cathodic cleaning. The diagram on the left
𝒆𝒒
indicates the 𝑬𝒓𝒙𝒏 of redox reactions that may be involved.

The evolution of 𝐸𝑐𝑜𝑟𝑟 as a function of time was studied in pH 6.0 NaNO3
solutions and Fe(NO3)3 solutions. For all solutions containing NaNO3 (+ any residual O2

85

not removed by constant Ar-purging), except the one with 1 M NaNO3, the initial 𝐸𝑐𝑜𝑟𝑟
values were similar to or higher than that of the blank ([NO3–] = 0), but were still close to
𝑒𝑞

𝑒𝑞

𝐸𝐹𝑒 0 ⇌𝐹𝑒(𝑂𝐻) and lower than 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 . The initial 𝐸𝑐𝑜𝑟𝑟 in the presence of 1 M
2

𝑒𝑞

NaNO3 was higher than 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 . However, the 𝐸𝑐𝑜𝑟𝑟 increased with time
(except in the case of 0.1 mM NaNO3). Overall, the corrosion potential increased with
time rapidly in the first few seconds and then remained constant or continued its upward
trend at a lower rate. The final 𝐸𝑐𝑜𝑟𝑟 depended on the nitrate concentration and increased
as [NO3–] increased.
In Fe(NO3)3 solution, when the same amount of NO3– is initially present, the
initial 𝐸𝑐𝑜𝑟𝑟 is significantly higher than observed in NaNO3 solution, close to
𝑒𝑞

𝐸𝐹𝑒(𝑂𝐻)2 (sat'd) ⇄ γ-FeOOH . Corrosion of CS in NaNO3 and Fe(NO3)3 is discussed in detail
below.
4.3.1.1 Effect of nitrate on Corrosion Dynamics of CS (pH 6.0)
The data presented in Figure 4-2 are replotted in Figure 4-3 to present the timedependent behaviour of 𝐸𝑐𝑜𝑟𝑟 and assign different dynamic stages of CS corrosion to
different steady-state 𝐸𝑐𝑜𝑟𝑟 values. The effect of nitrate on the duration of the dynamic
stages is explained using Figure 4-3.

86

Figure 4-3: 𝑬𝒄𝒐𝒓𝒓 vs time behaviour of CS in pH 6.0 buffered solution in the presence
of different concentrations of NaNO3, replotted to show the stages.

For the blank and all solutions containing NaNO3 (+ any residual O2 not removed
by constant Ar-purging), the key observations are as follows:
•

The initial 𝐸𝑐𝑜𝑟𝑟 value increased with NaNO3 concentration. Except for 1 M NaNO3,
the initial 𝐸𝑐𝑜𝑟𝑟 values were close in all solutions and higher than in the blank, but
𝑒𝑞

𝑒𝑞

were still close to 𝐸𝐹𝑒 0 ⇌𝐹𝑒(𝑂𝐻) and lower than 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 . The initial 𝐸𝑐𝑜𝑟𝑟
2

𝑒𝑞

in the presence of 1 M NaNO3 was higher than 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 .
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•

The 𝐸𝑐𝑜𝑟𝑟 value in solutions with different concentrations of NaNO3 approached
different steady-state values. The final value of 𝐸𝑐𝑜𝑟𝑟 for the blank solution remained
𝑒𝑞

𝑒𝑞

between 𝐸𝐹𝑒 0 ⇌𝐹𝑒(𝑂𝐻) and 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 , but closer to the former; the 𝐸𝑐𝑜𝑟𝑟 in
2

𝑒𝑞

100 mM NaNO3 containing solution approached 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 , and the final
value of 𝐸𝑐𝑜𝑟𝑟 in solutions containing 300 mM and 1 M NaNO3 was above
𝑒𝑞

𝑒𝑞

𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 and below 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝛾−𝐹𝑒𝑂𝑂𝐻 .
Corrosion Dynamics of CS (pH 6.0) in Blank Solution:
For CS in the blank solution, it took about 20 s for 𝐸𝑐𝑜𝑟𝑟 to reach its steady-state
value. Once 𝐸𝑐𝑜𝑟𝑟 had reached this value, it remained there for the remainder of the test
𝑒𝑞

duration. The initial 𝐸𝑐𝑜𝑟𝑟 was below 𝐸𝐹𝑒 0⇌𝐹𝑒(𝑂𝐻) and the steady-state value was close to
2

𝑒𝑞

𝑒𝑞

𝐸𝐹𝑒 0 ⇌𝐹𝑒(𝑂𝐻) and lower than 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 . The 1st region in the 𝐸𝑐𝑜𝑟𝑟 vs time
2

graph corresponds to the 1st dynamic stage. The 𝐸𝑐𝑜𝑟𝑟 – log 𝑡𝑐𝑜𝑟𝑟 graph of the blank
pH 6.0 solution showed an almost linear increase in 𝐸𝑐𝑜𝑟𝑟 with time. The 𝐸𝑐𝑜𝑟𝑟 changes
with time and approaches a steady-state value by about 20 s. During this time, the
concentration of Fe ions in the interfacial region increases via oxidation of iron. We
attribute the initial linear change in 𝐸𝑐𝑜𝑟𝑟 to a change in (𝑎𝐹𝑒 𝐼𝐼 )𝑖𝑛𝑡 as metal oxidation
progresses, where (𝑎𝐹𝑒 𝐼𝐼 )𝑖𝑛𝑡 is determined by the metal oxidation rate (𝐌𝟏 ) and mass
transfer rate (𝐭𝐫𝐚𝐧𝐬 ) while (𝐌𝟏 ) and (𝐭𝐫𝐚𝐧𝐬 ) vary with (𝑎𝐹𝑒 𝐼𝐼 )𝑖𝑛𝑡 . In this stage, (𝑎𝐹𝑒 II )𝑖𝑛𝑡
and (𝑎𝐹𝑒 III )𝑖𝑛𝑡 are not constant (they are not at their saturation concentrations). Thus,
𝑒𝑞

𝐸𝑐𝑜𝑟𝑟 increases with time until (𝑎𝐹𝑒 II )𝑖𝑛𝑡 reaches saturation at 𝐸𝐹𝑒 0⇌𝐹𝑒(𝑂𝐻) (~20 𝑠).
2

FeII(aq) forms continuously via oxidation and Fe ions dissolve into the solution. The first
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𝐸𝑐𝑜𝑟𝑟 steady state is reached (in less than 20 s) when (𝑎𝐹𝑒 II )𝑖𝑛𝑡 and (𝑎𝐹𝑒 III )𝑖𝑛𝑡 no longer
change with time, and the net rate of oxidation is equal to the rate of mass transport of Fe
from the interfacial region into the bulk solution. For at least 8 h of 𝐸𝑐𝑜𝑟𝑟 measurement,
no change in the 𝐸𝑐𝑜𝑟𝑟 value was observed and 𝐸𝑐𝑜𝑟𝑟 remained in the first steady-state,
indicating that the concentrations of FeII and FeIII in Fe(OH)2 layer had not reached the
saturation values that promote Fe(OH)2 → FeIII oxidation. Thus, in nitrate-free solution,
the corrosion dynamics remained in Stage 2 at least for 8 h.
Corrosion Dynamics of CS (pH 6.0) in NaNO3 Solutions:
The effects of NO3– ions on the corrosion behaviour of CS were investigated by
𝐸𝑐𝑜𝑟𝑟 measurement during 8-h corrosion of CS in pH 6.0 solutions containing different
concentrations of NaNO3 (ranging from 0.1 mM to 1 M) (See Figure 4-2).
The equilibrium potential of the NO3–/NO2– redox reaction depends on the pH and
𝑒𝑞

the ratio of NO3– to NO2– ions. In a pH 6.0 solution, the 𝐸𝑁𝑂2− /𝑁𝑂3− decreases from
1.022 VRHE to 0.845 VRHE when the ratio of NO3–:NO2– decreases from 106 to 1.
𝑒𝑞

𝐸𝑁𝑂3−/𝑁𝑂2− varies as follows:
eq

ENO–3 ⇄NO–2 = 0.845 + 0.0295 log

[NO–3 ]
(V )
[NO–2 ] RHE

(Eq. 4-19)

Also, an increase in the ionic strength affects the concentration gradient and
consequently, affects the ion mobility [53-55]. The ion mobility is approximately the
square root of the ionic strength. The ionic strengths of solutions were calculated using
(Eq. 4-20):
(Eq. 4-20)

μ = 0.5 ∑ ci z2i
i

where ci is the concentration of anion (i), and zi is the charge of species 𝑖.
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In the presence of NO3–, an increase in the ionic strength of the solution facilitates
the mass transport of cations away from the surface. It allows metal ions to leave the
surface more rapidly, and thus the metal oxidation is less likely to become diffusionlimited.
In 1 mM NaNO3 solution, similar to the results observed in the blank (nitrate
free) solution, 𝐸𝑐𝑜𝑟𝑟 initially increased almost linearly with log 𝑡𝑐𝑜𝑟𝑟 (Stage 1) until it
reached a steady-state value. The initial 𝐸𝑐𝑜𝑟𝑟 value (-0.12 VRHE) was slightly higher than
the initial 𝐸𝑐𝑜𝑟𝑟 observed in the blank solution (-0.13 VRHE). The 𝐸𝑐𝑜𝑟𝑟 vs time slope
remained unchanged, and Stage 2 was reached after the same time as for the blank
solution. Although the NO3̶/NO2- redox reaction can couple with the oxidation of Fe and
increase the rate at which iron is oxidized to FeII, the higher ionic strength in 1 mM
NaNO3 slightly increases the mass transport rate of Fe ions from the interfacial region
into the solution phase. Thus, the potential at which the rate of Fe oxidation and nitrate
reduction are equal remains the same as for the blank solution. The 2nd steady state 𝐸𝑐𝑜𝑟𝑟
was reached by 3 h. The second steady state corresponds to Stage 3, where Fe3O4 forms
within the Fe(OH)2/Fe(OH)3 gelatinous layer. Formation of Fe3O4 implies that when a
viscous hydroxide layer of Fe(OH)2 has formed via Fe(OH)2 colloid formation (Eq. 44a), NO3– promotes the oxidation of FeII to FeIII. As a result, the formation of Fe3O4 is
accelerated in the presence of 1 mM NaNO3.
Redox reactions in the hydrogel network:
Oxidation half-reaction of FeII: 2 Fe(OH)2 + 2 OH- → 2 Fe(OH)3 + 2 e-

(Eq.

4-21a)
Reduction half-reaction of nitrate: NO3- + 2 H+ + 2 e- → NO2- + H2O
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(Eq. 4-21b)

Overall charge transfer reaction:
2 Fe(OH)2 + NO3- + H2O → 2 Fe(OH)3 + NO2-

(Eq. 4-21c)

In 300 mM NaNO3 solution, the initial 𝐸𝑐𝑜𝑟𝑟 at 0.1 s was slightly (10 mV) higher
than the 𝐸𝑐𝑜𝑟𝑟 observed in 1 mM NaNO3 solution. As will be explained later in Section 43-2, 300 mM NaNO3 is strong enough to effectively couple with the oxidation of Fe. In
300 mM NaNO3 solution, a rapid increase in the FeII(aq) concentration occurs in the
interfacial region. At the same time, hydrolysis reactions and hydroxide formation are
also accelerated, as the rate at which FeII accumulates is faster. This provides the
conditions for the precipitation of Fe(OH)2 in less than 1 s, and results in the progression
of corrosion to Stage 2, where mass transfer from the less soluble Fe(OH)2 gel layer to
the bulk solution controls the rate of oxidation. Once Fe(OH)2 has formed at the surface,
NO3̅ can effectively oxidize FeII to FeIII. Thus, 𝐸𝑐𝑜𝑟𝑟 progresses from the 1st steady-state
𝑒𝑞

to the 2nd steady state. The second steady state 𝐸𝑐𝑜𝑟𝑟 was above 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 and
𝑒𝑞

below 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝛾−𝐹𝑒𝑂𝑂𝐻 . During the transition to the second steady state, the oxide
layer becomes thicker while the Fe II cations continue to transfer to the solution phase.
Ferrous ions can easily transfer to the solution phase in a high ionic strength solution.
In 1 M NaNO3 solution, the initial 𝐸𝑐𝑜𝑟𝑟 was significantly higher than observed in
other solutions. This indicates that due to the oxidative power that 1 M NO3– provides, the
𝑒𝑞

initial corrosion potential is higher than 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3𝑂4 . Immediately after cathodic
cleaning, Fe cations accumulate at the interfacial region. The presence of a high nitrate
concentration, which can act as a strong oxidant and couple with Fe oxidation, provides
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the conditions for progression to Stage 3, as was previously observed for the solution
containing 300 mM nitrate.
In summary, NO3– can affect the CS corrosion in large solution volumes via redox
reactions of NO3−/NO2− that can be coupled with Fe/FeII and FeII/FeIII oxidation reactions
and increase the corrosion potential to a range where (hydr)oxides with higher oxidation
states than in the blank solution can form.
Corrosion Dynamics of CS (pH 6.0) in Fe(NO3)3 Solutions:
In 100 mM Fe(NO3)3 solution buffered at pH 6.0 , the initial 𝐸𝑐𝑜𝑟𝑟 of CS was
significantly higher than in the blank solution (see Figure 4-2). For higher concentrations
of Fe(NO3)3, the initial 𝐸𝑐𝑜𝑟𝑟 increased even more. The 𝐸𝑐𝑜𝑟𝑟 of CS in all Fe(NO3)3
solutions remained almost unchanged with time and only fluctuated around a constant
potential. When Fe(NO3)3 is present, reduction of Fe3+ to Fe2+ (Eq. 4-22) can occur (in
addition to equation (Eq 4-2b)).
Fe3+ + e– ⇆ Fe2+

E0 = 0.77 VRHE , Eeq = 0.77 + 0.059 log

[Fe3+ ]
[Fe2+ ]

VRHE (Eq. 4-22)

Upon immersion in Fe(NO3)3, when the surface is free of oxide and hydroxide, the Fe3+
to Fe2+ reduction can couple with the oxidation of Fe to Fe2+. Fe3+ can also reduced to
Fe2+ (Eq 4-23). This reaction has been proposed for the use of Fe(III) as an oxidant for the
leaching of metallic iron [36].
2 Fe3+ + Fe0 ⇆ 3 Fe2+

(Eq. 4-23)

In addition, for the same concentration of nitrate, the ionic strength of Fe(NO3)3 solution
is higher than for NaNO3 solution. For a 1 M solution, for example, the ionic strength of
Fe(NO3)3 is 4 times higher than for NaNO3. The increase in mass transfer rate for
solutions with higher ionic strength can increase the overall charge transfer rate. When an
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iron hydroxide layer forms at the surface, not only is the transport of metal ions from the
metal/solution interface to the bulk solution slowed down, but also the transport of Fe3+
from the solution toward the surface. Thus, the system approaches the 2nd steady-state
involving the oxidation of FeII to FeIII inside the gel layer via the reduction of NO3– ions.
The formation of hydroxide (FeII hydroxide) occurs in a very short period of time (less
than 1 s), and corrosion progresses to Stage 2 (1st steady-state 𝐸𝑐𝑜𝑟𝑟 ). In this stage, Fe3+ is
not an effective oxidant for Fe oxidation. Instead, the formation of the hydrogel as a slow
transport medium induces systemic feedback between chemical reactions and mass
transport processes. In Stage 3, the formation of iron oxide results in the formation of
magnetite and/or γ-FeOOH, depending on the concentration of FeII and FeIII hydroxide,
while iron ions can transfer easily from the interfacial region to the solution phase in a
high ionic strength medium.
In summary, the addition of Fe(NO3)3 to the solution has two major effects. First, the
introduction of another reduction reaction, which increases the oxidative power of the
solution. Second, the increase in the ionic strength, which increases the mass transport
rate. The combination of these two assisted in the formation of FeIII at the interface, and
consequently, the corrosion potential shifted to more positive values.
4.3.2

Potentiodynamic Polarization Results
The potentiodynamic polarization behaviours of CS after 8 h immersion in

solutions with different NO3– concentrations were studied in NaNO3 and in Fe(NO3)3
solutions to understand the effect of nitrate on the kinetics of chemical and
electrochemical reactions involved in CS corrosion.
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4.3.2.1 Potentiodynamic Polarization Behaviour in NaNO3 Solutions
Figure 4-4 shows the potentiodynamic polarization data obtained in a pH 6.0
buffered solution with and without various concentrations of NaNO3. A Tafel analysis
was performed to understand the polarization behaviour at positive and negative
overpotentials and the results are presented in Figure 4-5 and
Table 4-4.

Figure 4-4: Potentiodynamic polarization curves for CS in pH 6.0 buffered solution
containing different concentrations of NaNO3.
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Figure 4-5: Anodic Tafel analysis for potentiodynamic polarization curves of CS in
pH 6.0 buffered solution initially containing various NaNO3 concentrations.
Table 4-4: The values for 𝑬𝒊=𝟎 , Tafel slopes, and corrosion current densities (𝒊𝒄𝒐𝒓𝒓 )
obtained from Tafel analysis of the PD results presented in Figure 4-5.
[NaNO3] (mM)

0

0.1

1

10

100

300

1000

𝑬𝒊=𝟎 (mVRHE)

-50±2

-61±4

-24±4

15±1

10±8

12±2

62±7

ba (mV/decade)

46±0

85±10

111±0

102±5

85±4

76±0

72±4

|bc| (mV/decade)

119±1

123±5

133±2

87±3

102±1

96±8

80±2

𝒊𝒄𝒐𝒓𝒓,𝒂 (µA cm–2)*

2.9

11

23

28

39

51

62

𝒊𝒄𝒐𝒓𝒓,𝒄 (µA cm-2)**

2.1

9.3

23

30

43

53

79

𝒊𝒄𝒐𝒓𝒓 (µA cm-2)

2.3

10

23

29

41

52

71

* 𝒊𝒄𝒐𝒓𝒓,𝒂 is the anodic current density when the anodic Tafel line is extrapolated to 𝐸𝑐𝑜𝑟𝑟
** 𝒊𝒄𝒐𝒓𝒓,𝒄 is the cathodic current density when the cathodic Tafel line is extrapolated to 𝐸𝑐𝑜𝑟𝑟
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It should be mentioned that a prerequisite for an accurate Tafel slope
measurement is finding a linear region (which should be present for at least one decade of
current density) in a range of potentials far enough from the corrosion potential
[42,56,57]. In this study, the reported Tafel slopes are based on the best fit for the most
linear region within ±30 mV to ±60 mV around 𝐸𝑐𝑜𝑟𝑟 . The reason for choosing this lower
limit for the range of overpotential (±30 mV) was that based on the WT equation (Eq, 424) for n = 2 and  = 0.5, when 𝜂 > 30 𝑚𝑉, 𝑖𝑐 is less than 10% of 𝑖𝑎 and when 𝜂 <
−30 𝑚𝑉, 𝑖𝑎 is less than 10% of 𝑖𝑐 . The upper limit for the range (±60 mV) was selected
to ensure the same region of overpotential was studied in all conditions. It is also worth
mentioning that, for obtaining Tafel slopes, the data in the desired potential range were
extracted and then the slope of the best linear fit (𝑅2 > 95%) for the 𝐸 − log 𝑖 curve was
considered to be the Tafel slope [42]. One interesting observation in Figure 4-5 was that
the anodic Tafel region is over two decades long in the blank solution. However, when
NaNO3 is present in the solution, the region is less than one decade long. As a result,
when NaNO3 is initially present in the solution, it is not possible to make a reasonably
accurate extrapolation to 𝐸𝑐𝑜𝑟𝑟 using Tafel extrapolation in the anodic region (to obtain
the 𝑖𝑐𝑜𝑟𝑟 ), which is one of the limitations of the Tafel extrapolation method. Although
finding such a sizeable linear region was difficult, we believe that it is still worth
reporting the values of these so-called Tafel slopes (hereafter referred to simply as Tafel
slopes) because they can provide valuable information. Tafel slopes will be used for a
comparison study on the polarizability (how easily current density changes with change
in potential).
When NaNO3 was present, both the anodic and cathodic branches of the
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polarization curves generally shifted to the right (higher current densities), and the
potential of zero current (𝐸𝑖=0 ) shifted to higher values.
The cathodic current increased with nitrate concentration, which can be explained
using the Wagner-Traud equation. The Wagner-Traud equation is the sum of two ButlerVolmer equations for the metal oxidation and solution reduction half-reactions. This
equation is often used for extracting a corrosion rate from the overall current observed as
a function of 𝐸𝑒𝑙𝑒𝑐 during polarization. The underlying assumption of the application of
𝑒𝑞

𝑒𝑞

this equation is that 𝐸𝑐𝑜𝑟𝑟 is sufficiently far away from both 𝐸𝑜𝑥 and 𝐸𝑟𝑒𝑑 , which means
𝐸𝑒𝑙𝑒𝑐 is beyond the potentials where either reaction could be considered to be reversible.

𝑖 ≈ 𝑖𝑐𝑜𝑟𝑟 . [exp ((𝛼𝑜𝑥 ∙

𝑛𝑜𝑥 𝐹
𝑛𝑟𝑒𝑑 𝐹
) ∙ 𝜂𝑐𝑜𝑟𝑟 ) − exp ((−𝛼𝑟𝑒𝑑 ∙ (
)) ∙ 𝜂𝑐𝑜𝑟𝑟 )]
𝑅𝑇
𝑅𝑇

(Eq. 4-24)

where 𝑐𝑜𝑟𝑟 = 𝐸𝑒𝑙𝑒𝑐 − 𝐸𝑐𝑜𝑟𝑟 , 𝑛 is the number of electrons, F is Faraday’s constant
(96485 C/mol), R is the gas constant (8.314 J/K.mol), and T is temperature (in Kelvin).
This is shown schematically in Figure 4-6. When two anodic reactions exist (e.g.,
metal M and metal N), the total cathodic rate would be the sum of both rates at a given
potential (shown as the dashed line).
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Figure 4-6: Evans diagram constructed from the oxidation reactions of metals M and
N and two reduction reactions (dashed lines represent the sum of cathodic reactions
and anodic reactions) [58] (reprinted with permission from Ref. [58], © 2004 Elsevier
Ltd.)

The Wagner-Traud graph (identified by the dashed lines) could be constructed as
the sum of the anodic and cathodic currents at each potential. It should be noted that the
cathodic current is considered negative, and the anodic current is positive. At the 𝐸𝑐𝑜𝑟𝑟 ,
the sum of all cathodic rates equals those of anodic rates.
The cathodic current in blank (nitrate free) solution is due to water reduction. In
the presence of nitrate ions, the current density increases significantly, indicating that
nitrate is a good oxidant. In the presence of NO3– ions (assuming negligible contribution
of oxygen reduction in the Ar-purged environment), the probable cathodic reactions are:
2 H2O + 2 e– ⇆ 2 OH– + H2

(Eq. 4-25)
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NO–3 + 2 H+ + 2 e– ⇆ NO–2 + H2 O

(Eq. 4-26)

The measured current values in the potentiodynamic polarization graphs are the
net current densities and contain both anodic and cathodic components.
𝑖𝑛𝑒𝑡 = ∑ 𝑖𝑎 + ∑ 𝑖𝑐

(Eq. 4-27)

For example, assuming the nitrate reduction reaction (n = 2 and α = 0.5) to be the
most effective reaction, the cathodic part of the W-T equation could be used to calculate
the cathodic current density. For the solution containing 1 mM NaNO3, the absolute value
of the calculated current density was 7.9×10−3 A cm-2, whereas the measured value in the
potentiodynamic results was 2.3×10−5 A cm-2. The main reason for the difference
between the two values arises from the contribution of the oxidation reaction of Fe to
FeII. Note that in this analysis, the contribution of water reduction and any metal cation
reduction was ignored, and nitrate reduction reaction was considered to be the main
reduction reaction.
One important observation was that as the concentration of the oxidants in the
solution increased, and for a range of potential where nitrate reduction is theoretically
possible, the net anodic current density increased with the concentration of nitrate. It was
expected that an increase in the nitrate concentration would increase the cathodic current
density, and if nitrate by itself had no effect on the anodic reaction, the net current density
should have decreased for a given potential (constant anodic current and increase in the
cathodic current). The reason for the increase in measured anodic current density in the
potentiodynamic polarization measurements in the presence of nitrate is the increase in
the ions’ mobility, which directly depends on the ionic strength of the solution [132,159]
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and increases with nitrate concentration. In a sodium nitrate solution, the ionic strength is
equal to the molarity of the solution. As the nitrate concentration increases, the mass
transfer rate increases, which results in a higher anodic current.
Increasing the nitrate concentration to 10 mM increased the anodic Tafel slope,
while a further increase in the nitrate concentration from 10 mM to 1 M lowered the
anodic slope.
Depending on the equilibrium potential of the nitrate to nitrite redox reaction and
the effect of nitrate on the mass transport process, nitrate may affect the corrosion rate
differently, which is discussed below.
In blank solution and 0.1 mM NaNO3 solution, as explained earlier, the corrosion
of CS in naturally corroding conditions had reached Stage 2 after 8 h. This indicates that
the concentration of FeII in the Fe(OH)2 hydrogel was not sufficiently high to permit
formation of Fe3O4. The anodic current is lowest in the blank solution. Note that the
pH 6.0 blank solution is a low ionic strength solution compared to the other solutions
tested in this chapter. The anodic Tafel slope is close to 2-e transfer, indicating that the
process is under charge-transfer control. With a sufficiently high overpotential,
accumulation of FeII at the interfacial region occurs, oxidation of FeII ® Fe3O4 occurs at
higher overpotential, and the slope of E-log(i) increases, which will be discussed later.
For pH 6.0 buffered 1 mM NaNO3, the slope was larger (0.111 V/decade) than for
the blank. The 𝐸𝑐𝑜𝑟𝑟 measurements showed that corrosion had progressed to the second
steady state after less than 1 h immersion (approaching the Eeq of FeII ® Fe3O4). When a
small overpotential is applied, Fe(OH)2 can reach saturation concentration in the
interfacial solution, and charge transfer becomes limited by mass transfer of metal ions
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via the formation of Fe3O4. Thus, while the corrosion progresses through the activation
control region or is partially limited by mass transport of ions through a Fe(OH)2 gel
layer, the Tafel extrapolation showed a slope of 0.111 V/decade, which corresponds to
close to 1-e– charge transfer, which can be interpreted as the rate controlling step during
corrosion of CS in 1 mM NaNO3.
For higher nitrate concentrations (300 mM NaNO3 and 1 M NaNO3), the
formation of Fe(OH)2 occurs at a faster rate (in less than a second). Thus, in naturally
corroding conditions, after 8 h of immersion, the corrosion had progressed to Stage 3
(where the hydrogel layer is saturated with FeII and oxidation of FeII ® Fe3O4 may occur
within it). However, the anodic Tafel slope was 0.076 V/decade in 300 mM and
0.072 V/decade in 1 M NaNO3, which indicates a 2-electron charge transfer reaction. It
was also observed that the anodic current densities in solutions with >10 mM NaNO3 are
almost one decade larger than those in lower NaNO3 concentrations.
We can conclude that, although the interfacial region is saturated with FeII and the
formation of Fe3O4 occurs at 𝐸𝑐𝑜𝑟𝑟 , under low positive overpotentials (in the Tafel
region), the formation of Fe3O4 cannot limit the oxidation of Fe®FeII in such a high ionic
strength medium. At sufficiently high overpotentials, the current densities were limited
by the mass transfer of ions. The potential at which the current density reaches the mass
transfer limit was higher in 10 mM NaNO3 than that in 1 M NaNO3. This indicates that,
although the rate of charge transfer is faster in 1 M NaNO3, supersaturation of iron at the
surface can occur at a lower potential.
The values of 𝐸𝑐𝑜𝑟𝑟 and 𝐸𝑖=0 obtained after 8 h immersion of CS at pH 6.0 are
plotted against [NaNO3] in Figure 4-7.
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Figure 4-7: 𝑬𝒄𝒐𝒓𝒓 of CS in pH 6.0 NaNO3 solutions as a function of [NaNO3].
𝑬𝒊=𝟎 is the potential of zero current from potentiodynamic measurements after 8 h
immersion, and 𝑬𝒄𝒐𝒓𝒓 is the 𝑬𝒄𝒐𝒓𝒓 after 8 h immersion.

As can be seen in Figure 4-7, the 𝐸𝑐𝑜𝑟𝑟 values after 8 h were generally lower than
the 𝐸𝑖=0 values. This difference becomes smaller with nitrate addition, reaching almost
zero in 1 M NaNO3 solution. This observation could be explained based on the fact that
the current density obtained from potentiodynamic polarization includes the charging
process of the interfacial capacitance (𝑖𝑐𝑡 ) and Faradaic current (𝑖𝑓 ) [20]; In a corrosion
potential measurement experiment, the Faradaic current is zero. Thus, 𝐸𝑐𝑜𝑟𝑟 and 𝐸𝑖=0 (the
potential at which anodic and cathodic current density is zero in the potentiodynamic
experiment) could not be equal [20,59]. As stated before, addition of different
concentrations of NaNO3 increases the ionic strength of the solution (Eq. 4-20). It is also
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well known that the relationship between ionic strength and interfacial capacitance
thickness (𝛿𝑑𝑙 ) is as follows [60–62]:
−0.5
𝐼𝑠 ∝ 𝛿𝑑𝑙

(Eq. 4-28)

Therefore, addition of NaNO3 leads to a decrease in 𝛿𝑑𝑙 and consequently, the
difference between 𝐸𝑐𝑜𝑟𝑟 and 𝐸𝑖=0 decreases and becomes almost zero in the presence of
1 M NaNO3. However, because in these sets of experiments the scan rate is low, the
charging current should be very small, and so charging current is insufficient to explain
this behaviour.
Later, we will see that in Fe(NO3)3 and HNO3 solutions, the solubilities are high
enough, even at lower concentrations of NO3–, for the values of 𝐸𝑐𝑜𝑟𝑟 and 𝐸𝑖=0 to be
equal.
One important observation that can be also interpreted in relation to the change in
the ionic strength in the presence of nitrate is the relationship between 𝐸𝑐𝑜𝑟𝑟 and
log[NaNO3]. For low [NaNO3] (from 0.1 mM to 10 mM) the relationship between 𝐸𝑐𝑜𝑟𝑟
and log[NaNO3] is linear with a slope of 0.04 V/decade. This increase is similar to the
increase in equilibrium potential for the nitrate reduction redox reaction which shows a
slope of 0.03 V/decade (Eq. 4-29). The similar slope for the increase in 𝐸𝑐𝑜𝑟𝑟 vs.
log[NaNO3] and that of the nitrate equilibrium potentials and nitrate concentration
indicates that the main reason for the increase in corrosion potential is a change in the
cathodic reaction and that the effect of ionic strength was small. After that, the 𝐸𝑐𝑜𝑟𝑟
remains constant for [NaNO3] up to 300 mM, revealing that the 𝐸𝑐𝑜𝑟𝑟 is effectively
independent of [NaNO3], because the increase in the nitrate concentration affected the
ionic strength and therefore the mass transfer. Thus, both anodic and cathodic reactions
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were affected and there was no change in the corrosion potential. A further increase in
[NaNO3] to 1 M resulted in another linear increase with a slope of 23 mV/decade,
resulting from the higher ionic strength and mass transport thus no longer being a limiting
factor. The reduction reaction had the highest equilibrium potential and current density
for this 1 M concentration of NaNO3.
In order to further investigate the effect of nitrate, the potential was scanned up to
0.8 VRHE. The PD curves are shown in Figure 4-8.

Figure 4-8: Potentiodynamic polarization curves for CS in pH 6.0 NaNO3 solutions.
The potential range was -0.2 VRHE to 0.8 VRHE.

In all solutions, when the potential was scanned toward positive potetials, above
the 𝐸𝑐𝑜𝑟𝑟 , current density increased with increase in potential. This increase was followed
𝑒𝑞

by a sudden drop occurring at 𝐸𝑎𝑝𝑝𝑙 >𝐸𝐹𝑒3 𝑂4⇆−𝐹𝑒𝑂𝑂𝐻 for blank solution, and
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𝑒𝑞

𝑒𝑞

𝐸𝐹𝑒(𝑂𝐻)2 ⇆𝐹𝑒(𝑂𝐻)3 <𝐸𝑎𝑝𝑝𝑙 < 𝐸𝐹𝑒3 𝑂4⇆−𝐹𝑒𝑂𝑂𝐻 for nitrate solutions. The potential at which
this drop was observed was lower for higher concentrations of NaNO3, while the
maximum current density (the peak current) increased with nitrate concentration, with the
exception being for [NaNO3] = 1 M.
Over the 8 h of 𝐸𝑐𝑜𝑟𝑟 measurement, the [FeII] in the hydrogel in the interfacial
region increases. In blank solution, the [FeII] near the interface during the 𝐸𝑐𝑜𝑟𝑟
𝑒𝑞

measurement remains below 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 indicating that the Fe(OH)2 hydrogel layer was
not saturated with FeII. During forward scanning to higher potentials, the solution near the
surface becomes saturated with FeII, and FeII→ Fe3O4 oxidation occurs within the
hydroxide layer, which finally results in a drop in the current density at about 0.4 VRHE.
When nitrate is present, Fe3O4 formation is fast, and the peak current is observed at a
lower potential than in the blank solution. The greater the [NaNO3], the higher the rate of
Fe3O4 formation within the gelatinous hydroxide layer and the lower the potential of peak
current density. Although Fe3O4 formation resulted in a drop in current, in 100 mM and
300 mM NaNO3, at sufficiently high overpotentials (immediately above the current drop),
the current density started to increase and continued to increase. This indicates that the
oxide formed at about 0.2 VRHE is not protective. Thus, the oxidation can continue at
higher potentials through the oxide layer until the current decreases, at about 0.7 VRHE,
due to the formation of a protective layer such as Fe2O3. In 1 M NaNO3, the formation of
a sufficiently thick Fe3O4 prevents oxidation at higher overpotentials.
4.3.2.2

Potentiodynamic Polarization Behaviour in Fe(NO3)3 Solutions
To investigate the corrosion behaviour of CS in nitrate solutions, Fe(NO3)3

solution was used instead of NaNO3. The results of the 𝐸𝑐𝑜𝑟𝑟 measurements and PD
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experiments are shown in Figure 4-9. The Tafel slopes and other corrosion parameters
are shown in Figure 4-10 and are given in Table 4-5.

Figure 4-9: 𝑬𝒄𝒐𝒓𝒓 of CS as a function of 𝒕𝒄𝒐𝒓𝒓 (log scale) in pH 6.0 buffered solution,
in the presence of different concentrations of ferric nitrate, taken immediately after
cathodic cleaning, and potentiodynamic polarization measurements for different
concentrations of Fe(NO3)3 taken after 8 h of immersion. The equilibrium potentials
of reactions potentially involved are shown in the left panel.

Figure 4-10: Potentiodynamic polarization measurements for CS in Fe(NO3)3
at pH 6.0.
Table 4-5: The values of 𝑬𝒊=𝟎 , Tafel slopes, and 𝒊𝒄𝒐𝒓𝒓 of CS in Fe(NO3)3 solutions of
pH 6.0, obtained from the PD experiments presented in Figure 4-10.
[NO3–] (mM)

Blank

100

300

1000

𝑬𝒊=𝟎 (VRHE)

-50

0.133

139

214

ba (mV/decade)

46

86

82

79

|bc| (mV/decade)

118

112

134

115

𝒊𝒄𝒐𝒓𝒓,𝒂 (µA cm-2)

2.9

130.0

314.0

840.0

𝒊𝒄𝒐𝒓𝒓,𝒃 (µA cm-2)

2.1

130.0

360.0

780.0

𝒊𝒄𝒐𝒓𝒓 (µA cm-2)

2.3

130.0

340.0

800.0
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The key observations from the experiments in Fe(NO3)3 are as follows:
•

Immediately after cathodic cleaning, the 𝐸𝑐𝑜𝑟𝑟 values in in the presence of 100 mM
Fe(NO3)3 were 0.075VRHE to 0.225 VRHE. The 𝐸𝑐𝑜𝑟𝑟 values remained almost constant
with time during 8 h immersion, except for fluctuations of about 50 mV. A further
increase in Fe(NO3)3 concentration (0.1 M and 0.3 M Fe(NO3)3) resulted in a slight
increase in 𝐸𝑐𝑜𝑟𝑟 . The initial 𝐸𝑐𝑜𝑟𝑟 in the presence of Fe(NO3)3 was slightly below
𝑒𝑞

𝐸Fe(OH)2⇆γ−FeOOH .
•

Ferric nitrate shifted the polarization curves to higher current densities. The higher the
concentration of Fe(NO3)3 was, the higher the corresponding cathodic current density.
In Fe(NO3)3 solutions, cathodic Tafel slopes were about 115-140 mV/decade, close to
those obtained for the blank solution. The current densities were almost constant, with
potentials at negative overpotentials greater than 100 mV in Fe(NO3)3 solutions. The
diffusion-controlled cathodic current density increased from 10-3 A cm-2 to 5´103

A cm-2 when the concentration of Fe(NO3)3 was increased from 0.03 to 0.3 M.

The anodic Tafel slope was about 80-85 mV/decade, and the anodic branch was shifted to
higher current densities in the presence of Fe(NO3)3.
Ferric ion is a strong oxidant, and the large cathodic current in the presence of
ferric nitrate is due to the reduction of Fe3+. Because the reduction of Fe3+ happens at the
carbon steel surface, it requires the mass transfer of Fe3+ cations from the solution phase
toward the surface. Thus, the cathodic current could be controlled by diffusion of Fe3+
cations to the CS surface and remains almost constant at sufficiently negative
overpotentials (about 100 mV below the 𝐸𝑖=0 ).
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Although the high reduction rate of ferric ions explains the high cathodic current
and the high 𝐸𝑐𝑜𝑟𝑟 values in Fe(NO3)3 solutions, the high anodic current densities and
larger Tafel slopes in Fe(NO3)3 solutions require more detailed analysis. In order to
investigate the anodic behaviour of CS in nitrate solutions, the PD results in a broader
range of applied potentials (from -0.2 VRHE to 1 VRHE) in Fe(NO3)3 and in NaNO3
solutions were evaluated. As shown in Figure 4-11, in Fe3+-containing solution the
cathodic current increased, with slopes of about 0.110 V/decade to 0.135 V/decade which
indicates that the reaction was predominantly a single electron transfer reaction, up to a
sufficiently high potential at which the current density is under complete mass transfer
control.

Figure 4-11: Potentiodynamic curves for CS in the presence of different NO3–
solutions of pH 6.0.

It can be clearly seen in Figure 4-11 that the drop in current density at about
0.3 VRHE, which corresponds to the formation of a protective Fe3O4 oxide, was not
observed in Fe(NO3)3 solutions. The maximum current density (the current density at
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which the current is under complete mass transfer control) increased with [Fe(NO3)3].
The potential at which the current density reached its maximum was higher in 0.3 M than
in 0.1 M Fe(NO3)3, whereas it was lower in 1 M than in 0.3 M. In all Fe(NO3)3 solutions,
the current density dropped suddenly at slightly above the potential at which the
maximum current was reached.
The solubility of Fe2+and the ionic strength increase with [Fe(NO3)3]; thus, the
solubility limit at which the rate of mass transfer of metal ions from the interfacial region
becomes rate-controlling increases with [Fe(NO3)3]. Although the maximum current was
higher in 1 M Fe(NO3)3 than observed in 300 mM Fe(NO3)3, the maximum current was
reached at a lower potential. The supersaturation of the interfacial region with FeII ions
results in a current drop at a lower potential than in 300 mM Fe(NO3)3, which could be
due to the formation of a thick oxide.
These electrochemical studies in the presence of Fe(NO3)3 have revealed the
significance of FeIII cations for CS corrosion and their impact on the rate of the reactions.
It should be noted that the electrochemical tests in this chapter were conducted in a large
solution volume. However, in small solution volumes, where the surface area to solution
volume ratio is large, the presence of oxidative agents like NO3- could lead to FeIII cations
building up in the interfacial region and the oxidative role of the ferric ions becoming
important. Moreover, previous studies [37,63] have revealed that under radiation, the
corrosion potential resides in a range of potentials where formation of FeIII is possible.
These observations will be presented in the coming chapters.
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4.4

SUMMARY
In this chapter, the effect of NO3– ions on the corrosion of CS in Ar-purged pH 6.0

buffered NaNO3 and Fe(NO3)3 solutions was studied using electrochemical techniques.
This work provides new insights into the effect of NO3– ions on the corrosion behaviour
of CS and discusses the limitations of the use of the Tafel method in corrosion rate
determinations. It also provides a basis for studying CS corrosion in small volume
solutions (discussed in Chapter 7) and when -radiation is present (Chapter 8).
Depending on the concentration of nitrate and ionic strength, nitrate can affect the
dynamics of corrosion by either accelerating the rate of iron oxidation via NO3–/NO2–
reduction reaction, or by influencing the rate of mass transport of metal ions.
The increase in the cathodic current densities with [NaNO3] is due to the increase in
the equilibrium potential of the nitrate reduction reaction with increase in nitrate
concentration. The general increase in the anodic current was explained based on the
increase in the mobility of ions, which depends directly on the ionic strength of the
solution, which increases with [NaNO3]. Mass transport of ions is faster for higher
concentrations of nitrate; thus, in the presence of higher concentrations of NaNO3 the
polarizability of CS is increased. An increase in nitrate concentration up to 10 mM
increased the anodic Tafel slope, while a further increase in the nitrate concentration from
10 mM to 1 M lowered the anodic slope. During PD tests (forward scanning of potential)
in NaNO3 solutions, the solution in the interfacial region becomes saturated at a different
rate. In low concentrations of nitrate (0.1 mM), the rate of oxidation of iron, and the ionic
strength of the solution are only slightly higher than in the blank. Thus, the time at which
the interfacial solution becomes saturated with FeII is similar to what is observed in the
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blank solution. When the Fe(OH)2 hydrogel layer has become saturated with FeII
(Stage 2), the NO3–/NO2– redox reaction can effectively couple with FeII/FeIII oxidation in
the hydrogel and corrosion progresses to Stage 3 where oxide formation occurs. Because
of the low rate of the oxidation of Fe →FeII, scanning toward positive potentials cannot
result in a fast saturation of Fe(OH)2 in the interfacial region during scanning. Thus, mass
transfer does not become rate-controlling at low overpotentials (within the anodic Tafel
region) and the slope indicates 2-e charge transfer. With a sufficiently high overpotential,
accumulation of FeII occurred, and the oxidation of FeII ® Fe3O4 increased the slope of Elog(i). When the buffered solution had an intermediate NaNO3 concentration (1 mM
NaNO3), the anodic current slope was about 0.111 V/decade, and the anodic current was
high at 𝐸𝑎𝑝𝑝𝑙 slightly above 𝐸𝑐𝑜𝑟𝑟 , indicating that saturation of Fe(OH)2 layer followed
by the formation of magnetite can occur under a small overpotential. This high current
and formation of magnetite results in mass transfer of ions through the oxide layer. Thus,
the anodic branch will be controlled by mass transfer. Although mass transfer becomes
rate controlling in intermediate nitrate concentrations, the high ionic strength of the
solution provides a fast mass transfer rate that results in an overall increase in the current
density. In the presence of sufficiently high nitrate concentrations (above 300 mM with
higher equilibrium potential for the nitrate/nitrite reaction), the formation of Fe(OH)2
occurs at a faster rate. Thus, in naturally corroding conditions, corrosion progresses to
Stage 3 (where the hydrogel layer is saturated with FeII and oxidation of FeII → Fe3O4
occurs within the Fe(OH)2 hydrogel) in less than one second. However, the anodic Tafel
slope indicated a 2-electron charge transfer reaction. It was also observed that the anodic
current densities in solutions with >10 mM NaNO3 are almost one decade higher than
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those in low and intermediate NaNO3 concentrations. We can conclude that, although the
interfacial region is saturated with FeII and the formation of Fe3O4 occurs at 𝐸𝑐𝑜𝑟𝑟 and
under low positive overpotentials (in the Tafel region), the formation of Fe3O4 cannot
limit the oxidation of Fe®FeII in such a high ionic strength medium in low overpotentials
(in the Tafel region). At sufficiently high overpotentials, the current densities were
limited by mass transfer of ions. The potential at which the current density reaches the
mass transfer limit was higher in 10 mM NaNO3 than that in 1 M NaNO3. This indicates
that, although the rate of charge transfer is faster in 1 M NaNO3, the supersaturation of
iron at the surface can occur at a lower potential.
Ferric ion is a strong oxidant, and the large cathodic current observed in the
presence of ferric nitrate was due to the Fe3+/Fe2+reduction reaction. The results indicated
that the current densities are under charge transfer control up to sufficiently high
overpotentials at which current density undergoes mass transfer control. The ionic
strength increases with [Fe(NO3)3]; thus, the solubility limit of Fe2+ at which the rate of
mass transfer of metal ions from the interfacial region becomes rate-controlling increases
with [Fe(NO3)3]. Although, the maximum measured anodic current increased with
[Fe(NO3)3], it was reached at a lower overpotential. The electrochemical analysis in the
presence of Fe(NO3)3 revealed the importance of FeIII as a strong oxidant, and how it may
influence the oxide on the surface and the rate of the reactions. Understanding the effect
of the presence of FeIII in the solution is particularly important when it is taken into
account that in limited solution volumes (discussed in Chapter 7) and in the presence of
radiation (Chapter 8) conditions are favourable for FeIII formation.
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5 CHAPTER 5
CORROSION BEHAVIOUR OF CARBON STEEL AND
STAINLESS STEELS IN NITRIC ACID SOLUTIONS

5.1

INTRODUCTION
A leak in the end shield cooling (ESC) system in Ontario Power Generation’s

Pickering Unit 6 nuclear reactor was subjected to an investigation. The potential issue is
that the moisture from this leak could reach a location in the annular air gap, which exists
around the periphery of the calandria tank assembly and its supporting structures. This
region consists of two dissimilar metals (carbon steel and 304L SS), welded together
using 309 SS (as the filler material). Corrosion in this region, and in particular,
accelerated (galvanic) corrosion, would be problematic and needs careful evaluation.
The pH of the ESC water is 10.4, but when it condenses onto the weld region, the
pH is expected to change, altering the dissolution rate. In addition, the weld is close to the
reactor core and exposed to gamma radiation. The radiolysis kinetics of liquid water have
been well studied using a water radiolysis model (WRM) [1–7] and validated using
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experimental data as a function of pH, temperature, and initial concentrations of
dissolved O2 and nitrate. The radiolysis of humid air will produce both HNO3 and H2O2,
two oxidizing species [8–10], resulting in corrosive conditions in the weld region. The
kinetics of charge transfer and mass transfer reactions can change considerably with not
only the concentrations of redox-active species present, but also the solution ionic
strength [11]. Nitric acid produced in humid air can dissolve in any condensed water and
lower its pH. This can affect the solubility of metal cations produced by metal oxidation.
This factor, as well as possible changes in the oxidation rate, can affect the rate of
corrosion [8–10,12–16].
The effect of nitrate ions on the corrosion of carbon steel in pH 6.0 buffered
solution was investigated in Chapter 4. The results show that depending on the
concentration of nitrate and ionic strength, nitrate affects the corrosion dynamics of
carbon steel by either accelerating the metal oxidation rate via NO3– acting as an oxidant,
or by influencing the rate of mass transport of metal ions.
This chapter investigates the corrosion behaviour of carbon steel and stainless
steels (304L SS and 309 SS) in nitric acid solutions. The electrochemical behaviour of
CS and SS (304L SS and 309 SS) was studied in nitric acid solution using 𝐸𝑐𝑜𝑟𝑟
measurements, linear polarization (LPR) and potentiodynamic polarization (PD) tests.
Solution studies were also performed using ICP-OES on the solution collected during
𝐸𝑐𝑜𝑟𝑟 measurement experiments to correlate the rates of corrosion and the rates of
dissolution of iron and other elements.
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5.2

EXPERIMENTAL PROCEDURES

5.2.1

Sample and Solution Preparation
The working electrodes used in this study were CS A36 (provided by Ontario

Power Generation Inc. (OPG)), 304L SS and 309 SS (provided by Goodfellow). Their
compositions are given in Table 5-1.
Table 5-1: Chemical composition of CS 36A, 304L SS, and 309 SS (in wt.%).
Material

Cr

Ni

C

Mn

Mo

Si

S

P

Fe

CS A36

0.16

0.23

0.15

0.84

0.03

0.24

0.03

0.02

bal.

SS 304L

18.8

8.2

0.02

2

-

0.35

0.003 0.02

bal.

SS 309

24

14

0.03

1.2

0.1

0.63

0.005 0.02

bal.

Prior to each test, the coupon was ground manually with a series of silicon carbide
papers (100, 320, 400, 800 and 1200, and 2500 grit). This was followed by polishing on a
Texmet microcloth (Buehler) with a 1 μm MetaDi Supreme diamond paste suspension
(Buehler) and lastly sonication in an acetone/methanol mixture for 5 min to remove
polishing residues. The polished coupons were then rinsed with Type I water and dried in
flowing argon.
All solutions were prepared with water purified with a NANO pure Diamond UV
ultrapure water system (Barnstead International) to give a resistivity of 18.2 MΩ.cm.
Sodium nitrate (Sigma Aldrich) and nitric acid (Fisher Chemical) were used to prepare
nitrate solutions. The electrochemical analyses and solution measurements presented in
this chapter were performed in 10 mM NO3– (10 mM HNO3) and also in 100 mM NO3–
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(10 mM HNO3 + 90 mM NaNO3) solutions at pH 2.0. The pH of the solution was
measured using an Accumet Basic AB15 pH meter with a saturated calomel electrode
(SCE).
5.2.2

Electrochemical Tests
𝐸𝑐𝑜𝑟𝑟 measurements, linear polarization resistance (LPR), and potentiodynamic

polarization (PD) measurements were carried out in order to study the corrosion
behaviour of CS and stainless steels in acidic nitrate solutions. These electrochemical
tests were performed using a three-compartment cell using a saturated calomel electrode
(SCE, Fisher Scientific) as the reference electrode and a platinum mesh as the counter
electrode. The CS or SS (304L SS and 309 SS) coupons were used as the working
electrode. All electrochemical measurements were conducted using a BioLogic VMP-300
multichannel potentiostat. All experiments were performed in Ar-purged solutions. The
volume of the test solution used was 100 ml. The solution was purged with argon for 30
min. prior to the test.
In all potentiodynamic polarization tests, the potential was scanned from -0.3 V to
0.4 V with respect to 𝐸𝑐𝑜𝑟𝑟 . Each experiment was repeated at least three times. The sweep
rate of the PD test was 0.167 mV s-1. An LPR measurement was performed after each
successive 2 h of immersion. For the LPR measurements, the potential was scanned
negatively from 𝐸𝑐𝑜𝑟𝑟 toward -10 mV vs. 𝐸𝑐𝑜𝑟𝑟 and then reversed to +10 𝑚𝑉𝐸𝑐𝑜𝑟𝑟
followed by a negative scan to 𝐸𝑐𝑜𝑟𝑟 .
5.2.3

Solution Analysis
In addition to electrochemical experiments, to evaluate the anodic dissolution at
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𝐸𝑐𝑜𝑟𝑟 , ICP measurements were also performed under the same conditions. After each
successive 2 h period of immersion of the coupon in solution, 1 ml of solution was taken
from the test solution, and the concentration of dissolved iron was measured using ICPOES. Prior to the solution analysis, the test samples were digested using trace analytical
grade nitric acid (Fisher Chemical) to dissolve any colloidal particles present in the
solution. The dissolved iron concentration in the test solution was analyzed using a
Perkin Elmer Avio 200 inductively coupled plasma optical emission spectrometer (ICPOES). The ICP measurement reports the concentration of iron, which would include any
colloid particles present in the solution. ICP-OES can detect concentrations as low as 0.1
ppb.

5.3

RESULTS AND DISCUSSION
The electrochemical behaviours of CS, 304L SS and 309 SS in pH 2.0 nitrate

solutions were investigated in order to understand the effect of ionic strength on the
corrosion behaviour of carbon steels and stainless steels. The range of nitrate ions and the
pH were chosen to reflect the potential conditions that could arise during humid air
radiolysis.
5.3.1

Effect of Nitrate on Corrosion of CS in Acidic Solutions
The 𝐸𝑐𝑜𝑟𝑟 vs time and the PD curves of CS in pH 2.0 nitrate solutions are

presented in Figure 5-1, and the extracted electrochemical parameters are listed in Table
5-2. It should be mentioned that a prerequisite for accurate Tafel slope measurements is
finding a linear region in a range of potential far from the corrosion potential, which
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should extend for at least one decade of current density [17]. In this study, finding such a
linear region was difficult, and therefore the reported Tafel slopes are based on the best
fit for the most linear region within ±30 mV to ±60 mV around 𝐸𝑐𝑜𝑟𝑟 (explained in
Section 4.3.2) [18], and these Tafel slopes will be used for a comparison study on the
polarizability (how easily current density changes with change in potential).
The total dissolved iron ([𝐹𝑒]𝑚𝑒𝑎𝑠 ) vs 𝑡𝑐𝑜𝑟𝑟 is shown in Figure 5-2. More details
on the different redox reactions involved in iron oxidation can be found in Table 5-3 and
Figure 5-4. The 𝐸𝑒𝑞 values of redox reactions under standard conditions are presented on
the left. It is worth noting that the purpose of comparing of 𝐸𝑐𝑜𝑟𝑟 with the standard
𝑒𝑞

equilibrium potentials of various redox reactions (𝐸𝑟𝑥𝑛 ), is not to determine whether the
redox reaction can occur or not. It is rather because an analysis of the trends of the
changes in the 𝐸𝑐𝑜𝑟𝑟 can be employed to determine the reactions happening at the steadystate and to understand the corrosion system. The redox half-reactions that involve
dissolved metal cations (Fe2+(aq)) are not listed in the table because the values of 𝐸 𝑒𝑞 of
redox reactions of these ions depend on the dissolved concentrations of these cations,
which are continuously shifting as corrosion progresses.
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Figure 5-1: 𝑬𝒄𝒐𝒓𝒓 vs 𝒕𝒄𝒐𝒓𝒓 (plotted in log scale) and the PD curves in pH 2.0
non-buffered nitrate solutions. The standard equilibrium potentials of relevant iron
and iron oxide redox reactions are shown on the left.

Table 5-2: The values of 𝑬𝒊=𝟎 , Tafel slopes, and corrosion current densities (𝒊𝒄𝒐𝒓𝒓 )
obtained from the PD experiment involving CS in pH 2.0 solution.
[NO3–]

10 (mM)

100 (mM)

𝑬𝒄𝒐𝒓𝒓 (𝐦𝐕𝑹𝑯𝑬 )

-111

-163

𝑬𝒊=𝟎 (𝐦𝐕𝑹𝑯𝑬 )

-128

-162

𝒃𝒂 (mV decade-1)

100

75

|𝒃𝒄 | (mV decade-1)

87

163

𝒊𝒄𝒐𝒓𝒓,𝒂 (A cm-2)*

1.47×10-4

2.21×10-4

𝒊𝒄𝒐𝒓𝒓,𝒄 (A cm-2)**

1.22×10-4

2.57×10-4

𝒊𝒄𝒐𝒓𝒓 (A cm-2)

1.34×10-4

2.45×10-4

*𝒊𝒄𝒐𝒓𝒓,𝒂 is the measured current density when the anodic Tafel line is extrapolated to 𝑬𝒊=𝟎
** 𝒊𝒄𝒐𝒓𝒓,𝒂 is the measured current density when the cathodic Tafel line is extrapolated to
𝑬𝒊=𝟎
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Figure 5-2: [𝑭𝒆]𝒎𝒆𝒂𝒔 (obtained from ICP-OES experiments) and 𝑹𝑷 (obtained from
LPR experiments) as a function of time in 10 mM and 100 mM NO3– pH 2.0 nonbuffered solutions.

The key observations from the results presented in Figure 5-1 to Figure 5-4 are
as follows:
•

𝐸𝑐𝑜𝑟𝑟 in the presence of 10 mM and 100 mM NO3– (at pH 2.0) reached its first steadystate at 𝑡𝑐𝑜𝑟𝑟 < 1 𝑠. The steady state 𝐸𝑐𝑜𝑟𝑟 values were -0.11 VRHE and -0.163 VRHE,
for

10 mM and

100 mM NO3–,

respectively.

For

the

solution

containing

𝑒𝑞

100 mM NO3, the first steady state 𝐸𝑐𝑜𝑟𝑟 was below 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 , while it was very
𝑒𝑞

close to 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 in the 10 mM NO3–-containing solution (see Figure 5-1).
•

The cathodic current in the PD curves was constant over a wide range of potentials in
100 mM NO3–, while it showed Tafel behaviour (apart from at large negative
overpotentials) in 10 mM NO3– (see Figure 5-1).

•

The anodic current Tafel slopes (𝑏𝑎 ) differed depending on [NO3–]: approximately
100 mV decade-1 and 75 mV decade-1 in 10 mM NO3– and 100 NO3– respectively (see
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Figure 5-1). The charge transfer region in the anodic branch was followed by a
diffusion-limited current at high overpotentials (this will be discussed later and is
shown in Figure 5-3). The charge-transfer region in the anodic branch was very
narrow (30 to 60 mV>𝐸𝑐𝑜𝑟𝑟 ) and the diffusion-limited region occurred immediately
above 𝐸𝑖=0 . (see Figure 5-3).
[𝐹𝑒]𝑚𝑒𝑎𝑠 increased initially (for 4 h) almost linearly with 𝑡𝑐𝑜𝑟𝑟 in both
10 mM and 100 mM NO3–solutions. The rate of increase of [𝐹𝑒]𝑚𝑒𝑎𝑠 was 48 mol cm2

h-1 over 4 h corrosion in 100 mM NO3–. Assuming that no iron was consumed in oxide

formation, this rate corresponds to a corrosion current density of 2.5710-3 A cm-2. The
rate of increase of [𝐹𝑒]𝑚𝑒𝑎𝑠 was slightly lower in 10 mM NO3− (31.9 mol cm-2 h-1 or
1.7110-3 A cm-2). (see Figure 5-2).
•

The 𝑅𝑃 was generally higher in 10 mM NO3– than in 100 mM NO3–.

5.3.1.1 Corrosion of CS in high ionic strength acidic solutions
In 100 mM NO3– solution with initial pH 2.0, the dissolved concentration of FeII
increases linearly with time. This linear increase, in combination with the observation
𝑒𝑞

that the 𝐸𝑐𝑜𝑟𝑟 is significantly below 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 , suggests that the FeII saturation
concentration is not reached within the duration of the test.
Figure 5-1 shows that in a pH 2.0 solution, the cathodic current does not change
with an increase in nitrate concentration from 10-2 M to 10-1 M. Thus, increasing the
nitrate concentration at pH 2.0 does not affect the CS oxidation rate, but rather increases
the mass transfer rate and increases the saturation capacity for FeII near the surface, and
hence delays the formation of Fe(OH)2. For at least 8 h of immersion in 100 mM NO3–
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𝑒𝑞

non-buffered pH 2.0 solution, the 𝐸𝑐𝑜𝑟𝑟 remains below 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 , indicating that the
saturation limit for FeII has not been reached. As discussed in Chapter 4, the prerequisite
for Fe(OH)2 formation on the surface is saturation of the interfacial region with FeII
𝑒𝑞

cations. Note that the corrosion potential was above the 𝐸𝐹𝑒⇆𝐹𝑒 2+ , considering 10-6 M as
the corrosion criteria for [Fe2+]. However, the equilibrium potential of Fe to FeII was not
presented because the change in the iron cation concentration continuously changes it.
Since the solubility of FeII at pH 2.0 is high, and mass transport is fast, the FeII cations do
not saturate the interfacial region to form Fe(OH)2.
𝑒𝑞

In 10 mM NO3–, the 𝐸𝑐𝑜𝑟𝑟 approaches a value close to 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 indicating that
Fe(OH)2 has formed, but has not become sufficiently saturated with FeII to form oxides.
When the potential is scanned toward positive potentials in both solutions
(10 mM NO3– and 100 mM NO3–), FeII continues to accumulate at the surface while
diffusing out toward the bulk solution in the acidic environment. In 10 mM NO3–, and at
𝐸𝑎𝑝𝑝𝑙 > 𝐸𝑐𝑜𝑟𝑟 , the rate of accumulation of FeII in the interfacial region is high, and mass
transfer becomes limited by the presence of the Fe(OH)2 layer at the surface. In fact, the
corrosion rate in both solutions is partially limited by the mass transport of ions. The
lower Tafel slope obtained in high ionic strength acidic solution (i.e., in the presence of
100 mM NO3–) indicates that a faster mass transfer rate could result in a faster oxidation
rate. The PD results are consistent with the LPR and ICP results, which show that over
the 8 h of measurements, the value of 𝑅𝑃 is lower, and the rate of increase of [𝐹𝑒]𝑚𝑒𝑎𝑠 is
higher for 100 mM NO3– than for 10 mM NO3–. Oxidation of Fe in 10 mM NO3– during
the scanning of potentials above 𝐸𝑐𝑜𝑟𝑟 occurs mostly via Fe(OH)2 → Fe3O4 inside the
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hydrogel and can occur via Fe(OH)2 → FeOOH at higher potentials. In 100 mM NO3–,
the rate of mass transfer of Fe2+ from the surface is fast enough to compete with the
oxidation rate, which prevents the saturation of Fe(OH)2. That is, the rate of oxidation is
only partially limited by mass transport of ions until very high overpotentials, where the
current density becomes limited by the formation of a thick oxide/hydroxide.
5.3.1.2 Corrosion of CS in nitrate solutions at pH 2.0 vs pH 6.0
To understand the effect of pH on the corrosion of CS, the 𝐸𝑐𝑜𝑟𝑟 vs time and
potentiodynamic polarization curves of CS in pH 2.0 non-buffered solutions of
10 mM NO3− and 100 mM NO3− obtained in this chapter were compared to those shown
and discussed in Chapter 4 for pH 6.0 (see Figure 5-3).

Figure 5-3: 𝑬𝒄𝒐𝒓𝒓 vs 𝒕𝒄𝒐𝒓𝒓 (plotted in log scale) and the PD curves for CS in the
presence of different [NO3–] at different pHs. The solid line and dashed lines denote
pH 6.0 and pH 2.0, respectively. The standard 𝑬𝒆𝒒 values for iron and iron oxide
redox reactions are shown on the left.

The 𝐸𝑐𝑜𝑟𝑟 vs 𝑡𝑐𝑜𝑟𝑟 plots showed that, for the same concentration of NO3−, 𝐸𝑐𝑜𝑟𝑟
increases more rapidly and reaches a higher value at pH 6.0 than at pH 2.0. As explained
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earlier in Chapter 4, the interfacial region is saturated with Fe ions when the bulk pH
is 6.0. Thus, the formation of Fe(OH)2/Fe(OH)3 occurs immediately (in less than 0.1 s),
and the corrosion progresses to Stage 3 by 100 s where Fe(OH)2→Fe3O4 oxidation can
occur. For pH 2.0, in both 10 and 100 mM NO3− solutions, as explained earlier in this
chapter, the accumulation of Fe ions in the interfacial region has not exceeded the
𝑒𝑞

saturation limit by 8 h, and 𝐸𝑐𝑜𝑟𝑟 remains constant at a value below 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 . For
pH 2.0, 10 mM NO3−, the accumulation of Fe2+ occurs immediately after immersion;
however, the concentration remains low, and progression to Stage 3 and oxidation of
Fe(OH)2→Fe3O4 did not occur within the 8 h of measurements in this study.
A comparison of PD curves in solutions of pH 2.0 and pH 6.0 showed that the
anodic current densities are significantly higher for pH 2.0. Even at high overpotentials,
where current densities are under mass transfer control, the current is still significantly
higher for pH 2.0 than for pH 6.0, indicating that a protective oxide cannot form at pH
2.0. The anodic current was one decade higher for pH 2.0 which resulted in a corrosion
rate almost six times higher.
5.3.2

Effect of Nitrate on Corrosion of Stainless Steels in Acidic Solutions
In stainless steels, the redox reactions of other alloying elements (and particularly

Ni and Cr) participate in the corrosion process, in addition to those of Fe. The standard
potentials [19] and the equilibrium potentials of different redox reactions are listed in
𝑒𝑞

Table 5-3 and also presented in Figure 5-4. The 𝐸𝐶𝑟⇆𝐶𝑟2 𝑂3 is not shown in Figure 5-4.
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Table 5-3: Redox half-reactions involving metal and solution species that can occur
during corrosion of stainless steels [19].
Redox Reaction

Standard Potential (VRHE)

Cr2O3 + 6 H+ + 6 e– ⇌ 2 Cr + 3 H2O

-0.59

FeCr2O4 + 2 H+ + 2 e– ⇌ Fe + Cr2O3 + H2O

-0.29

Fe(OH)2 + 2H+ + 2e– ⇌ Fe + 2 H2O

-0.092

Fe3O4 + 2 H+ + 2 e– ⇌ Fe(OH)2 + H2O

-0.055

3 NiFe2O4 + 8 H+ + 8 e– ⇌ 3 Ni + 2 Fe3O4 + 4 H2O

0.074

Ni(OH)2 + 2 H++ e– ⇌ Ni + 2 H2O

0.079

-FeOOH + H+ + e– ⇌ Fe(OH)2 + H2O

0.15

Fe(OH)3 + H+ + e– ⇌ Fe(OH)2 + H2O

0.247

3 -Fe2O3 + 2 H+ + 2 e– ⇌ 2 Fe3O4 + H2O

0.361

3 -FeOOH + H+ + e– ⇌ Fe3O4 + 2 H2O

0.559

0.8

E (VRHE)

0.6
0.4
0.2 H+
0.0

−FeOOH
Fe3O4

Ni

H2
Fe

-0.2

−Fe2O3
Ni(OH)2
Fe(OH)2
Fe+Cr2O3

-0.4

Fe(OH)3
−FeOOH
Fe3O4
FeCr O
2

4

Figure 5-4: The 𝑬𝒆𝒒 values of redox reactions of metals and metal oxides that
can occur on the steel alloys tested in this study at 21 °C and pH 2.0 [19].
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In this section, the key observations from different experiments are given,
followed by a discussion of the corrosion mechanism.
Stainless steels contain multiple alloying elements (Fe, Ni, and Cr), and each
metal can also undergo different oxidation reactions coupled with solution reduction
reactions. Not listed in the table are the redox half-reactions that involve dissolved metal
cations (Fe2+(aq), Ni2+(aq), Cr3+(aq)) because the 𝐸 𝑒𝑞 values of redox reactions of these ions
depend on the dissolved concentrations of these cations, which are continuously shifting
as corrosion progresses.
5.3.2.1 𝑬𝒄𝒐𝒓𝒓 measurements and potentiodynamic polarization after 8 h corrosion
of stainless steels
The effects of pH and NO3– concentration on the corrosion of 304L SS and
309 SS were investigated. The corrosion potential (𝐸𝑐𝑜𝑟𝑟 ) vs log 𝑡𝑐𝑜𝑟𝑟 plots for the
corrosion of 304L SS and 309 SS in pH 2.0 Ar-purged solution are presented in Figure
5-5.
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Figure 5-5: 𝑬𝒄𝒐𝒓𝒓 vs 𝒕𝒄𝒐𝒓𝒓 (plotted in log scale) and the PD curves for 304L SS and
309 SS in nitrate-containing pH 2.0 non-buffered solutions. The 𝑬𝒆𝒒 values for metal
and metal oxide redox reaction are shown on the left.

The key observations from the 𝐸𝑐𝑜𝑟𝑟 measurements for 304L SS and 309 SS are
as follows:
•

For both 304L SS and 309 SS, 𝐸𝑐𝑜𝑟𝑟 increased with time and became stable after
~10 s at around 0.2 VRHE in the presence of both 10 mM and 100 mM NO3–.

•

The final 𝐸𝑐𝑜𝑟𝑟 values for both 304L SS and 309 SS in 10 mM HNO3 lay above the
𝐸 𝑒𝑞 values of the redox reactions Cr ⇆ Cr2O3 and Fe + Cr2O3 ⇆ FeCr2O4 (not shown
in Figure 5-5) and Fe ⇆ Fe(OH)2, Fe(OH)2 ⇆ Fe3O4, Ni ⇆ Ni(OH)2. The final 𝐸𝑐𝑜𝑟𝑟
𝑒𝑞

was slightly above 𝐸𝐹𝑒(𝑂𝐻)2 ⇆𝛾−𝐹𝑒𝑂𝑂𝐻 .
•

The anodic region of all PD curves showed a passive behaviour (0.4 - 8 A cm-2).
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•

𝑇ℎ𝑒 𝐸𝑖=0 values for stainless steels, obtained in all conditions, were significantly
different from the 𝐸𝑐𝑜𝑟𝑟 values at 8 h. For 304L SS in 10 mM NO3–, the 𝐸𝑖=0 was
200 mV below the 𝐸𝑐𝑜𝑟𝑟 , and in 100 mM NO3– it was about 100 mV above 𝐸𝑐𝑜𝑟𝑟 . For
304L SS the 𝐸𝑖=0 in 100 mM NO3– was about 400 mV which was close to the
𝑒𝑞

𝐸𝐹𝑒3 𝑂4 ⇆𝐹𝑒2 𝑂3 .
•

For 309 SS in both 10 mM NO3– and in 100 mM NO3– solutions, the 𝐸𝑖=0 was 200
mV below the 𝐸𝑐𝑜𝑟𝑟 . 𝐸𝑖=0 of 309 SS was almost the same in both NO3– concentrations
𝑒𝑞

and was close to 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 .
5.3.2.2 Evolution of Linear Polarization Resistance over 8 h Corrosion
Linear polarization resistance measurements were carried out as a function of
time.

Figure 5-6: 𝑹𝑷 as a function of time for 304L SS and 309 SS in pH 2.0 non-buffered
nitrate solution

𝑅𝑃 vs 𝑡𝑐𝑜𝑟𝑟 was plotted for 304L SS and 309 SS in pH 2.0 non-buffered nitrate
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solutions (see Figure 5-6). The results are as follows:
•

𝑅𝑃 for 304L SS and 309 SS increased with time for both 10 mM NO3– and
100 mM NO3– containing solutions.

•

In the presence of both 10 mM NO3– and 100 mM NO3–, 𝑅𝑃 values for 309 SS were
significantly larger than for 304L SS.

•

In 10 mM NO3–, the 𝑅𝑃 values for 304L SS and 309 SS were about 500 times and
15,000 times larger than for CS, respectively. These ratios remained nearly
unchanged after 8 h immersion.

•

In 100 mM NO3–, the 𝑅𝑃 for CS and 304L SS is lower than that in 10 mM NO3–,
while for 309 SS in 100 mM NO3–, it remains almost the same as the one in
10 mM NO3– until 𝑡𝑐𝑜𝑟𝑟 = 6 ℎ and then increases significantly.

•

The LPR results after 8 h differed from the PD results (Tafel extrapolation). For
309 SS, the corrosion rate determined via Tafel extrapolation (taken after 8 h
immersion) was almost 4 times smaller for 100 mM NO3– than for 10 mM NO3–,
while the rates obtained via LPR measurements showed that the polarization
resistance of 309 SS in 100 mM NO3– is two times higher than in 10 mM NO3– after
8 h.

5.3.2.3 Solution Analysis over 8 h of Immersion
Each oxidation reaction produces metal cations which either form oxides or
dissolve into solution. The study of the dissolved cation concentrations and the evaluation
of the progression of the dissolution process aims to improve the understanding of the
corrosion pathways. [𝐹𝑒]𝑚𝑒𝑎𝑠 , [𝑁𝑖]𝑚𝑒𝑎𝑠 , and [𝐶𝑟]𝑚𝑒𝑎𝑠 were determined using the ICPOES technique as a function of time, during the corrosion of 304L SS and 309 SS in
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nitrate-containing pH 2.0 non-buffered solutions (see Figure 5-7).

Figure 5-7: [𝑭𝒆]𝒎𝒆𝒂𝒔 , [𝑵𝒊]𝒎𝒆𝒂𝒔 , and [𝑪𝒓]𝒎𝒆𝒂𝒔 as a function of time during the
corrosion of 304L SS and 309 SS in nitrate-containing pH 2.0 non-buffered solutions.
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•

For 304L SS in both 10 mM NO3– and 100 mM NO3– containing solutions, [𝐹𝑒]𝑚𝑒𝑎𝑠
decreases initially (after 2 h) and remains almost constant with 𝑡𝑐𝑜𝑟𝑟 . The [𝐹𝑒]𝑚𝑒𝑎𝑠
values were generally lower in 309 SS in both solutions and the initial decrease (after
2 h) was not observed. The maximum values of [𝐹𝑒]𝑚𝑒𝑎𝑠 were 200-300 times lower
for stainless steels than that for CS.

•

[𝑁𝑖]𝑚𝑒𝑎𝑠 for 304L SS and 309 SS had a similar trend over time as for Fe except that
[𝑁𝑖]𝑚𝑒𝑎𝑠 was lower than [𝐹𝑒]𝑚𝑒𝑎𝑠 . The values of [𝑁𝑖]𝑚𝑒𝑎𝑠 were generally higher for
304L SS than for 309 SS and were higher in 100 mM NO3− than in 10 mM NO3−. The
values of [𝑁𝑖]𝑚𝑒𝑎𝑠 for 304L SS and 309 SS were almost the same except at 2 h, at
which time the value for 309 SS was almost twice that for 304L SS.

•

[𝐶𝑟]𝑚𝑒𝑎𝑠 for 304L SS and 309 SS had a similar trend over time as for Fe, except that
[𝐶𝑟]𝑚𝑒𝑎𝑠 was almost 1/10 of [𝑁𝑖]𝑚𝑒𝑎𝑠 and 1/50 of [𝐹𝑒]𝑚𝑒𝑎𝑠 .

•

Nitrate concentration did not affect [𝐹𝑒]𝑚𝑒𝑎𝑠 and [𝐶𝑟]𝑚𝑒𝑎𝑠 , but increased [𝑁𝑖]𝑚𝑒𝑎𝑠
for both 304L SS and 309 SS.

5.3.2.4 Corrosion of Stainless Steels in Nitrate Solutions
A similar mechanism to that proposed for Alloy 800 (an alloy containing
33 wt% Ni, 22 wt% Cr, and 45 wt% Fe) by Momeni et al. [20] (Figure 5-8) is applicable
for stainless steels. 304L SS and 309 SS are Fe-Cr-Ni alloys similar to Alloy 800, which
contain 40% Fe, 22% Cr and 33% Ni. The only difference between 304L SS, 309 SS and
Alloy 800 is the difference in the ratios of the alloying elements. Therefore, we can use
the same global mechanism and intermediate steps proposed for Alloy 800 for 304L SS
and 309 SS. The difference in the chemical composition will result in the different rates
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of each intermediate step; however, the steps themselves, and thus the overall
mechanism, should be the same.
According to this mechanism, corrosion can proceed via different pathways.
Some of the oxidation reactions occur in sequence and some in parallel. The corrosion
pathway can vary depending on the relative rates of the different redox reactions of
involved metal cations. The solution transport of metal cations can also affect the kinetics
of oxidation and change the corrosion pathway. The oxidation of Fe to FeII converts the
chromium oxide to iron chromate spinel oxide (FeCr2O4), and then the partial oxidation
of FeII to FeIII results in the formation of Fe3O4 (mixed FeII/FeIII oxide) or FeOOH. At
sufficiently high potentials, magnetite can be oxidized further to -Fe2O3. At later times
and at sufficiently high potentials, where Ni oxidation to NiII is thermodynamically
possible, an iron spinel oxide (NiFe2O4) and finally NiO/Ni(OH)2 can form.

Figure 5-8: Proposed mechanism for Alloy 800 corrosion [20]
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The solubility of a given metal cation depends on the pH. Each metal cation has
its own pH solubility-dependence; at pHs below 6.0, the solubilities of Cr and Ni
decreases with pH increase, while that of FeII is nearly independent of pH. The
solubilities of different alloying elements vs. pH are shown in Figure 5-9.

Figure 5-9: The solubilities of FeII, FeIII, CrIII and NiIII as a function of pH at 21 C
[21–26].

In 10 mM NO3– or 100 mM NO3– pH 2.0 non-buffered solutions, the 𝐸𝑐𝑜𝑟𝑟 values
of both stainless steels reached steady-state values (close to the 𝐸 𝑒𝑞 values of the
oxidation of Fe(OH)2 to Fe(OH)3) immediately after cathodic cleaning. The steady-state
𝑒𝑞

𝑒𝑞

𝐸𝑐𝑜𝑟𝑟 values were below 𝐸𝐶𝑟 𝐼𝐼𝐼⇆𝐶𝑟𝑉𝐼 and were higher than 𝐸𝐹𝑒3 𝑂4⇆𝛾−𝐹𝑒𝑂𝑂𝐻 (this value is
not shown on the graph shown in Figure 5-4). The 𝐸𝑐𝑜𝑟𝑟 values were all above
𝑒𝑞

𝐸𝑁𝑖⇆𝑁𝑖 𝐼𝐼 (Ni𝐹𝑒

2 𝑂4

and Ni(𝑂𝐻)2 )

, indicating that 10 mM NO3– and 100 mM NO3– solutions

are sufficiently oxidizing to form NiII oxide/hydroxide on stainless steel surfaces from
which Ni2+ can dissolve out. The final values of 𝐸𝑐𝑜𝑟𝑟 were also above the 𝐸 𝑒𝑞 values of
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𝑒𝑞

𝑒𝑞

𝑒𝑞

the oxidation of 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 , 𝐸𝐹𝑒(𝑂𝐻)2 ⇆𝐹𝑒3 𝑂4 , and 𝐸𝐹𝑒(𝑂𝐻)2 ⇆𝛾−𝐹𝑒𝑂𝑂𝐻 , indicating that all
three iron oxides (Fe(OH)2, Fe3O4 and -FeOOH) can form during corrosion of stainless
steels.
The metal cations on the surfaces of the oxides are hydrated (Cr3+ and Fe2+) and
diffuse into the bulk solution phase. Dissolution of metal cations from the oxide is
followed by hydration, hydrolysis and diffusion of the cation. In both solutions and both
alloys, Cr quickly reaches supersaturation at the metal-solution interface and Cr2O3
formation occurs. Note that Cr2O3 can also be present on the surface as the air-formed
oxide that was not reduced during cathodic cleaning. The 𝐸𝑐𝑜𝑟𝑟 observed at pH 2.0 is
significantly higher for 304L SS and 309 SS than for CS. The presence of a pre-formed
Cr2O3 layer on stainless steel can provide a large potential barrier that can significantly
lower the interfacial metal oxidation rate for the oxidation of Fe⇌ Fe2+ and Ni ⇌ Ni2+.
The [𝐹𝑒]𝑚𝑒𝑎𝑠 was significantly lower for stainless steels than for CS at all time points,
which confirms the lower rate of oxidation of Fe. The oxidation of Fe to Fe2+ produced
FeII species that react with Cr2O3 to form FeCr2O4. The formation of the chromium iron
oxide (FeCr2O4) is followed by the rapid oxidation of FeII to FeIII to form Fe3O4 (mixed
FeII/FeIII oxide) and FeOOH. The concentration of dissolved Fe, therefore, remains very
low compared to what was observed for CS. At later times, Ni oxidation to NiII is
thermodynamically possible (𝐸𝑐𝑜𝑟𝑟 > 𝐸 𝑒𝑞 ) resulting in NiFe2O4, Ni(OH)2 and NiO, iron
spinel oxide (NiFe2O4), and finally NiO/Ni(OH)2 can form. Similar to the rate of
oxidation of Fe to Fe2+, the rate of oxidation of Ni to Ni2+ is low due to the potential
barriers created by Cr2O3 and FeCr2O4. Thus, the concentration of all alloying elements
increases initially and remains almost constant with time after the protective oxide has
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formed and limits the oxidation rates. The relative solubilities are FeII > NiII > CrIII at pHs
below 6.0. Therefore, the concentrations of FeII and NiII that can diffuse out from the
surface toward the solution increase until the saturation limit of these species is reached,
and hydroxide and oxide formation become dominant. This results in [𝐹𝑒]𝑚𝑒𝑎𝑠 ,
[𝑁𝑖]𝑚𝑒𝑎𝑠 , and [𝐶𝑟]𝑚𝑒𝑎𝑠 remaining constant with time.
The 𝐸𝑐𝑜𝑟𝑟 of 304L SS was slightly higher in 10 mM NO3– than in 100 mM NO3–
solution. This can be attributed to the higher rate of mass transfer in higher ionic strength
solution, which increases the rate of oxidation of Fe (and Ni). The small increase in the
𝐸𝑐𝑜𝑟𝑟 of 309 SS in 10 mM NO3– after 5 h immersion can be attributed to the growth of
NiFe2O4. The dissolved ions can diffuse out into the solution phase while they are in
equilibrium with the oxides.
One key observation for both 304L SS and 309 SS alloys was that 𝐸𝑖=0 was lower
than 𝐸𝑐𝑜𝑟𝑟 for both alloys in 10 mM NO3 and was slightly above 𝐸𝑐𝑜𝑟𝑟 for 304L SS in the
solution containing 100 mM NO3–. During the potential scan over the range of potentials
below 𝐸𝑐𝑜𝑟𝑟 , the thermodynamic conditions are favourable for reduction of FeIII cations
to FeII and NiII to Ni, causing a partial reduction of the oxide layer on the surface. This
oxide reduction shifts the 𝐸𝑖=0 to potentials more negative than that of 𝐸𝑐𝑜𝑟𝑟 . As was
mentioned earlier, the only exception was the 𝐸𝑖=0 for 304L SS in 100 mM NO3–, which
was higher than 𝐸𝑐𝑜𝑟𝑟 . The exact reason for this behaviour requires more analysis.
However, it could be postulated that since the potential from which the potentiodynamic
polarization test started was above the equilibrium potential for Fe(OH)2 to Fe3O4, some
of the FeII hydroxide on the surface converted to magnetite. This provides the conditions
resulting in an 𝐸𝑖=0 slightly higher than 𝐸𝑐𝑜𝑟𝑟 for 304L SS in 100 mM NO3– . It is
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important to mention that 304L SS has lower Ni content than 309 SS and therefore the
concentration of NiII was lower during corrosion of 304L SS than 309 SS. This can be
seen from the ICP-OES results. Thus, while reduction of NiII to Ni is possible (and it is
believed that this happens), the low concentration of NiII could not significantly
contribute to the potential distribution in the interfacial region.

5.4

SUMMARY
This chapter investigated the effect of nitrate concentration on the corrosion

behaviour of carbon steel (CS A36) and stainless steels (304L SS and 309 SS) in
10 mM HNO3 solution (i.e., pH 2.0) using electrochemical (𝐸𝑐𝑜𝑟𝑟 vs time measurement,
LPR, and PD ) techniques and solution analysis (ICP-OES).
The results revealed that the addition of 90 mM NO3– to 10 mM HNO3 increases
the mass transport of FeII ions and prevents the accumulation of Fe ions in the interfacial
𝑒𝑞

region. In 100 mM NO3– solution at pH 2, the 𝐸𝑐𝑜𝑟𝑟 does not reach 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 , and
hence corrosion does not pass Stage 1, in which oxidation of iron is under charge transfer
control. Similarly, the effect of a decrease in solution pH (from pH 6.0, presented in
Chapter 4) for the same [NO3–] was to increase the mass transfer rate via preventing Fe
saturation in the interfacial region, consequently increasing the corrosion rate.
For stainless steels, the measured 𝐸𝑐𝑜𝑟𝑟 values were significantly different from
the 𝐸𝑖=𝑜 values obtained from the PD experiments. The difference between 𝐸𝑖=𝑜 and
𝐸𝑐𝑜𝑟𝑟 could be attributed to a change in the electrode surface condition as a result of
applying a potential below that of naturally corroding conditions.
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Because forward scanning from negative overpotentials results in the formation of
a protective chromium oxide at potentials below the corrosion potential, the cathodic and
anodic currents are not representative of the rates of reactions that occur under naturally
corroding conditions; thus, the application of a Tafel slope extrapolation method was not
suitable for corrosion rate determination.
Unlike for CS, for types 304L and 309 stainless steel, the anodic current is lower
in 100 mM NO3– solution than in 10 mM NO3–. For 304L SS (with lower Cr and Ni
content than 309 SS) a higher [NO3–] results in faster formation of a protective oxide at
𝑒𝑞

very low overpotentials, that becomes unstable at potentials >𝐸Fe(OH)2⇆Fe(OH)3 . For
309 SS, the oxide formed at lower potential is stable over the entire range of potential
scanning. The implication of these results is that when a protective oxide is stable,
increasing the nitrate concentration cannot increase the rate of corrosion of stainless
steels at low pHs.
The results presented in this chapter revealed that in the presence of nitrate ions (in
the range expected from the humid air radiolysis) and in acidic media (which is
considered to be the worst-case scenario), stainless steels (304L and 309) in the weld
structure have much lower corrosion rates than CS. These results will be used in the
interpretation of the corrosion behaviour of the weld joint under humid air conditions in
the presence of radiation, which will be presented in Chapter 8.
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6 CHAPTER 6
CORROSION BEHAVIOUR OF CARBON STEEL AND
STAINLESS STEELS IN HYDROGEN PEROXIDE
SOLUTION

6.1

INTRODUCTION
During a periodic inspection of the Pickering unit 6 CANDU reactor, a leak was

found in the End Shield Cooling (ESC) System. This raised concern that the moisture
from this leak could reach a location in the annular air gap, which is adjacent to the
periphery of the calandria tank assembly and its supporting structures. The reactor
structural materials in this area are exposed to a continuous flux of -radiation. Radiation
energy absorbed by the metals themselves dissipates mainly as heat and does not induce
chemical changes [1–3]. Any water in this area, however, when exposed to -radiation,
will be decomposed to various redox active species (as shown in Eq. 6-1), that can
strongly influence the corrosion of materials [1–7]. These species will determine the
aqueous redox conditions that determine the corrosion kinetics of materials in contact
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with the solution.
Of the species produced, H2O2 is the most important species that can affect
corrosion.



H2O → → •OH, eaq−, •H, H2, H2O2, H+

(Eq. 6-1)

The radiolysis kinetics of liquid water have been well studied using a water
radiolysis model (WRM) and validated using experimental data as a function of pH,
temperature, and initial concentrations of dissolved oxygen and nitrate [8–13]. Under a
continuous flux of -radiation, H2O2 is continuously produced, and removed by chemical
reactions with other radiolysis products; therefore, the concentration of H2O2 in solution
reaches a near steady-state value [6,9,14,15]. This concentration has been measured as
0.910-4 M in aerated pH 6.0 solution and 0.310-4 M and 1.410-4 M in deaerated and
aerated pH 10.6 solutions, respectively [9].
Hydrogen peroxide can decompose to water and O2, and also can act as either an
oxidant or a reductant depending on the nature of the corroding surface [10,11], and can
significantly change the overall metal oxidation rate by establishing a catalytic cycle
between different redox reactions. In addition, because H2O2 is a stronger oxidant than
dissolved O2 [18], its formation and increase in its concentration due to the presence of radiation in the annular gap of the ESC system of CANDU reactor could facilitate
coupling between diffusion and redox reactions [3], and therefore, produce strong
systemic feedback behaviours.
The effect of -radiation on the corrosion of carbon steel and other metals has
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been previously studied under limited combination of solution redox and transport
conditions using electrochemical techniques and coupon tests [3,17,19–28]. The effects
of -radiation on the corrosion kinetics of carbon steel and different alloys have also been
reported [17,19,25–27]. These studies have shown that the key radiolysis product for
corrosion is H2O2. Daub et al. [27,29] showed that -radiation has a major impact on the
corrosion process by increasing 𝐸𝑐𝑜𝑟𝑟 and the type of oxide which forms on the surface.
They suggested that water radiolysis leads to the formation of a more passive film
composed of a mixture of Fe3O4 and -Fe2O3 when the solution is mildly basic (pH
10.6).
Another study, also by Daub et al. [17], investigated CS corrosion under radiation. By simulating of the 𝐸𝑐𝑜𝑟𝑟 behaviour in solutions containing representative
concentrations of H2O2 at solution pH 10.6, they showed that the key radiolysis product
controlling corrosion of CS is H2O2. Their results revealed that for [H2O2] < 10-3 M, the
𝐸𝑐𝑜𝑟𝑟 of CS is a function of [H2O2], and for [H2O2]  10-3 M, 𝐸𝑐𝑜𝑟𝑟 is independent of
[H2O2].
Due to the presence of -radiation, the temperature in the annular gap would be
around 50 °C, and humidity of ~100% would be present. When humid air is exposed to radiation, in addition to water radiolysis products (Eq. 6-1), HNO3 will also form via
humid air radiolysis. The corrosion of carbon steel with different concentrations of NO3−
at pH 6.0 was studied in Chapter 4, and corrosion of CS and stainless steels at pH 2.0
(10 mM HNO3), was studied in Chapter 5. This chapter discusses the corrosion
behaviour of carbon steel in the presence of different concentrations of chemically added
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H2O2 at pH 6.0. Corrosion potential (𝐸𝑐𝑜𝑟𝑟 ) measurements, and potentiodynamic
polarization (PD) measurements were employed to study the effect of hydrogen peroxide
on the corrosion behaviour of CS in pH 6.0 buffered solution.
In the second part of this chapter, the effect of 10 mM H2O2 on corrosion of CS
and stainless steels (304L SS and 309 SS) was studied in pH 2.0 nitric acid solutions.
Corrosion potential (𝐸𝑐𝑜𝑟𝑟 ) measurements, linear polarization resistance (LPR), and
potentiodynamic polarization (PD) measurements were employed to study the effect of
hydrogen peroxide on the electrochemical behaviour of CS and stainless steels in acidic
solutions. Additionally, the amounts of dissolved metal ions (Fe, Cr, and Ni) were
measured using ICP-OES. The radiolytic corrosion of CS in small solution volumes and
under different cover gases in the presence of -radiation is discussed in Chapter 8.

6.2
6.2.1

EXPERIMENTAL PROCEDURE
Sample and Solution Preparation
The working electrodes used in this study were CS A36, 304L SS, and 309 SS

(provided by the Ontario Power Generation Inc. (OPG)). The alloy compositions of the
tested carbon steels and stainless steels are given in Table 6-1.

Table 6-1: Elemental compositions of various steels tested in this chapter.
Alloy

Cr (wt.%)

Ni (wt.%)

Fe (wt.%)

Carbon Steel A36 (CS)

0.16

0.23

98

Weld Metal Stainless Steel 309 (W)

24

14

60

Stainless Steel 304L

19

8

71
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Prior to the experiment, the coupons were ground manually with a series of fine
silicon carbide papers (400, 600 and 1200, and 2500 grit), followed by polishing on a
Texmet microcloth (Buehler) with a 1 μm MetaDi Supreme diamond paste suspension
(Buehler) and lastly sonication in an acetone/methanol mixture for 5 min to remove
polishing residues. The polished coupons were then rinsed with Type I water and dried in
flowing argon.
All solutions were prepared with water purified with a NANO pure Diamond UV
ultrapure water system (Barnstead International) to give a resistivity of 18.2 MΩ.cm.
Sodium nitrate (Sigma Aldrich) and nitric acid (Fisher Chemical) were used to prepare
the nitrate solutions.
For the experiments performed in pH 6.0 buffered solution, the borate buffered
solution was prepared using Na2B4O7.H2O (0.01 M) and H3BO3 (0.3 M) all purchased
from Caledon Laboratories Ltd. Hydrogen peroxide (3 wt.%, purchased from Fisher
Scientific) was added to the buffered solution at different concentrations.
For the experiments performed in solution at pH 2.0, the electrochemical analyses
and solution measurements were performed by adding 10 mM H2O2 to 10 mM NaNO3 or
100 mM NaNO3 (10 HNO3 + 90 mM NaNO3) solutions. The pH of the solution was
measured using an Accumet Basic AB15 pH meter using a saturated calomel
electrode (SCE).
6.2.2

Electrochemical Tests
The electrochemical tests were conducted using a BioLogic VMP-300

multichannel potentiostat. All electrochemical measurements were performed using a
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three-compartment cell using a saturated calomel electrode (SCE, Fisher Scientific) as the
reference electrode, and a platinum mesh as the counter electrode (CE). The working
electrodes (WE) were CS, 304L SS, or 309 SS. All experiments were performed in Arpurged solutions. The solution volume was 100 ml.
After cathodic cleaning at -0.23 VRHE for 5 min, the 𝐸𝑐𝑜𝑟𝑟 was measured for 8 h in
pH 6.0 buffered solution pH 6.0, containing different concentrations of H2O2. Each 𝐸𝑐𝑜𝑟𝑟
measurement was followed by a potentiodynamic polarization (PD) experiment at a
sweep rate of 0.167 mVs-1. 𝐸𝑐𝑜𝑟𝑟 measurements and PD experiments were performed in
10 mM HNO3 and in 10 mM HNO3 + 90 mM NaNO3 (100 mM NO3−) pH 2.0 solutions
with and without 10 mM H2O2, to investigate the corrosion behaviour of CS and stainless
steels in the presence of H2O2 in acidic nitrate-containing solutions. During 8 h 𝐸𝑐𝑜𝑟𝑟
measurements the LPR measurements were performed for every 2 h of immersion. For
the LPR measurements, the potential was scanned negatively from 𝐸𝑐𝑜𝑟𝑟 toward 10 mVEcorr and then reversed to +10 mVEcorr , followed by a negative scan to 𝐸𝑐𝑜𝑟𝑟 .
Another set of PD tests was performed immediately after cleaning.
In all PD tests, the potential was scanned from -0.3 V with respect to 𝐸𝑐𝑜𝑟𝑟 to
1 VRHE. The PD test sweep rate was 0.167 mV s-1. Each experiment was repeated at least
three times. For each experiment, a freshly prepared solution was used to ensure minimal
decomposition of H2O2. Also, for the same purpose, the test flasks and experimental cells
were covered with aluminum foil. The polarization experiments were repeated for
stainless steels in acidic solutions.
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6.2.3

Solution Analysis
In addition to electrochemical experiments, to evaluate the anodic dissolution at

𝐸𝑐𝑜𝑟𝑟 , ICP-OES measurement were also performed for acidic solutions. Every 2 h, during
the immersion of the coupon in solution, 1 mL of solution was taken from the test
solution, and the amount of iron in solution was measured using ICP-OES. Prior to the
solution analysis, the test solution was digested using trace analytical grade nitric acid
(Fisher Scientific) to dissolve any colloidal particles present. The dissolved iron
concentration in the test solution was analyzed using a Perkin Elmer Avio 200
inductively coupled plasma optical emission spectrometer (ICP-OES). The ICP-OES
measurement reports the concentration of iron, which may include any colloid particles,
if present in the solution. ICP-OES can detect concentrations of iron as low 0.1 ppb,
chromium as low as 0.1 ppb, and nickel as low as 0.1 ppb.

6.3
6.3.1

RESULTS AND DISCUSSION
Effect of H2O2 on Corrosion of CS in Low Ionic Strength Solutions (pH 6.0
buffered solution)
It is necessary to study both 𝐸𝑐𝑜𝑟𝑟 evolution and PD curves to understand

the effect of H2O2 on the corrosion behaviour of CS. The evolutions of corrosion
potentials of CS in H2O2 solutions in pH 6.0 buffered solutions over time are presented in
two different time scales in Figure 6-1. The polarization behaviour of CS in pH 6.0
buffered solution was investigated in solutions with different [H2O2]0 immediately after
cleaning and then after 8 h 𝐸𝑐𝑜𝑟𝑟 measurement (see Figure 6-1c and Figure 6-1d).
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Figure 6-1: Corrosion behaviour of CS in pH 6.0 buffered solution containing
different concentrations of H2O2. (a) 𝑬𝒄𝒐𝒓𝒓 of CS as a function of 𝒕𝒄𝒐𝒓𝒓 , (b) 𝑬𝒄𝒐𝒓𝒓 of
CS as a function of 𝒕𝒄𝒐𝒓𝒓 (plotted in log scale); (c) PD experiments performed
immediately after cathodic cleaning; (d) PD experiments performed after 8 h
immersion. The 𝑬𝒆𝒒 of redox reactions in the potential range between -0.2 V and 1 V
are presented on the left graph.

The key observations from the results presented in Figure 6-1 are as follows:
•

The 𝐸𝑐𝑜𝑟𝑟 vs 𝑡𝑐𝑜𝑟𝑟 curves in the blank (free of H2O2) solution and in the presence of
0.1 mM H2O2 were almost the same. The steady state 𝐸𝑐𝑜𝑟𝑟 values were close to
𝑒𝑞

𝑒𝑞

𝐸𝐹𝑒 0 ⇌𝐹𝑒(𝑂𝐻) and below the 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3𝑂4 .
2

•

Addition of 1 mM H2O2 resulted in a slight increase in both the initial and steady state
𝐸𝑐𝑜𝑟𝑟 . The initial 𝐸𝑐𝑜𝑟𝑟 and steady state values of 𝐸𝑐𝑜𝑟𝑟 were close to and above
𝑒𝑞

𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 , respectively.
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•

In the presence of 10 mM H2O2, the initial 𝐸𝑐𝑜𝑟𝑟 was approximately 0.2 V higher
than the initial 𝐸𝑐𝑜𝑟𝑟 in other solutions and gradually increased to 0.2 VRHE until it
jumped above 0.6 VRHE and continued to increase. The 𝐸𝑐𝑜𝑟𝑟 in 10 mM H2O2 was
𝑒𝑞

𝑒𝑞

about 0.8 VRHE after 8 h which is above 𝐸𝐹𝑒3 𝑂4⇄𝐹𝑒2 𝑂3 and 𝐸 −𝐹𝑒𝑂𝑂𝐻⇄𝐹𝑒2 𝑂3 , and also
𝑒𝑞

above 𝐸 𝐻2𝑂2⇄𝑂2 .
•

In blank solution, the cathodic current at very negative potentials is generated by
water reduction. The current density obtained from the PD after 8 h 𝐸𝑐𝑜𝑟𝑟 was
5 times smaller than from the PD performed immediately after 0 h 𝐸𝑐𝑜𝑟𝑟 .

•

The addition of 0.1 mM H2O2 to pH 6.0 buffered solution did not affect the cathodic
current density which indicates that the 0.1 mM H2O2 solution is not an effective
oxidant.

•

When 1 mM H2O2 was added to the solution, the redox overpotential for H2O2 was
sufficiently high for the reduction of hydrogen peroxide slightly increased the
cathodic current.

•

At 𝑡𝑐𝑜𝑟𝑟 = 8 h the PD behaviours of CS in 0.1 mM and 1 mM H2O2 solutions are
almost unchanged (see Figure 6-1c) and the only change over time was a slightly
decreased cathodic current, and a slightly lower 𝐸𝑖=0 than those obtained from PD
performed immediately after cleaning.

•

In blank solution and 0.1 mM H2O2 solution, the 𝐸𝑖=0 obtained from the PD test
immediately after cathodic cleaning, and after 8 h immersion were close to the values
of 𝐸𝑐𝑜𝑟𝑟 at 𝑡𝑐𝑜𝑟𝑟 = 0 and at 𝑡𝑐𝑜𝑟𝑟 = 8 h, respectively.
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•

𝑒𝑞

The anodic current density at very high overpotentials (at potentials above 𝐸 𝐻2 𝑂2⇄𝑂2 )
was higher in the 0.1 mM H2O2 than in the blank solution. However, a further
increase in [H2O2]0 (1 mM and 10 mM H2O2) decreased the anodic current density.

•

In 1 mM H2O2 solution, multiple 𝐸𝑖=0 values were observed.

•

In the PD curve immediately after cathodic cleaning in 10 mM H2O2 solution, only
𝑒𝑞

one 𝐸𝑖=0 was observed, located above 𝐸 𝐻2𝑂2 ⇄𝑂2 .
•

In the PD curve obtained after 8 h 𝐸𝑐𝑜𝑟𝑟 measurement in 10 mM H2O2 solution, two
𝑒𝑞

𝐸𝑖=0 was observed, located near and above 𝐸 𝐻2 𝑂2 ⇄𝑂2 , respectively.
•

The net anodic current density generally decreases with an increase in [H2O2]0.
Hydrogen peroxide became the main oxidant for [H2O2]0=10 mM. The current

density of cathodic branch increased almost one decade when 10 mM H2O2 was present.
The Tafel analysis of PD curves for CS in buffered solution pH 6.0
containing different concentrations of H2O2 is presented in more detail in Figure 6-2 for
further discussion on the effect of hydrogen peroxide. The evolution of 𝐸𝑐𝑜𝑟𝑟 with 𝑡𝑐𝑜𝑟𝑟 ,
and PD curves obtained after 0 h and after 8 h of 𝐸𝑐𝑜𝑟𝑟 measurement are also presented
for the purpose of comparison.
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Figure 6-2: The evolution of 𝑬𝒄𝒐𝒓𝒓 with 𝒕𝒄𝒐𝒓𝒓 , PD curves after cathodic
cleaning and after 8 h of 𝑬𝒄𝒐𝒓𝒓 measurment, and Tafel analysis of PD curves for CS
in pH 6.0 buffered solution containing different H2O2 concentrations. The purple
and green dashed lines are representative of anodic Tafel slope of 120 mV/decade
and cathodic Tafel slope of 120 mV/decade, respectively.
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This section discusses the corrosion behaviour of CS in H2O2-containing pH 6.0
buffered solutions.
The ionic strength of the solution does not have a direct influence on the
interfacial charge transfer (i.e., on the redox half-reactions, metal oxidation and solution
reduction in the near surface region) but rather affects the mass transport properties of the
solution through its effect on ion mobility [30–34]. The low concentration gradients of
redox-active species in buffered solution pH 6.0 with 10-4 M H2O2 arise from low mass
transport conditions.
The dynamics of corrosion in the blank solution and the changes in 𝐸𝑐𝑜𝑟𝑟 with
𝑡𝑐𝑜𝑟𝑟 are discussed in Chapter 4. In blank solution, 𝐸𝑐𝑜𝑟𝑟 reached its 1st steady state
𝑒𝑞

close to 𝐸𝐹𝑒 0⇌𝐹𝑒(𝑂𝐻)

𝑒𝑞

2

and below 𝐸𝐹𝑒(𝑂𝐻)2 (sat'd)⇄𝐹𝑒3 𝑂4 after 10 s and CS corrosion

progressed towards Stage 1, where Fe(OH)2 hydrogel forms. When PD is performed
immediately after cleaning, corrosion is still in Stage 0 (discussed in details in Chapter
7), where the Fe →Fe2+ oxidation is followed by the transfer of metal cations, and the
surface is free of hydroxide/oxide. Formation of a hydroxide gel layer, during 8-h 𝐸𝑐𝑜𝑟𝑟
measurement, can provide the conditions to limit the rate of water reduction.
At potentials above 𝐸𝑖=0 , the anodic current densities obtained after 0 h and 8 h
𝐸𝑐𝑜𝑟𝑟 measurement showed a slope of 120 mV/decade, indicating a 1-electron transfer
reaction (Fe2+→Fe3++e−). During the positive scan, the oxidation of FeII to FeIII results in
the formation of Fe(OH)3 within the Fe(OH)2/Fe(OH)3 solution, which limits the transfer
of Fe cations, but further promotes the oxidation of FeII to FeIII.
𝑒𝑞

𝐸𝐻2 𝑂2 𝐻2𝑂 in pH 6.0 in the presence of 10 mM H2O2 is 1.71 VRHE. In 1 mM and
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𝑒𝑞

0.1 mM, the values of 𝐸𝐻2 𝑂2  𝐻2 𝑂 are 1.68 VRHE and 1.66 VRHE, respectively (Eq. 6-2)
[35]. Thus, the overpotential for the reduction of H2O2 is very large for the measured
𝐸𝑐𝑜𝑟𝑟 range in all tested solutions.
H2O2 + 2 H+ + 2 e– ⇆ 2 H2O, 𝐸𝑒𝑞 = 1.77 + 0.03 log [H2O2] (VRHH)

(Eq. 6-2)

Hydrogen peroxide can also be oxidized at lower potentials. Assuming the
dissolved oxygen to be 0.1% in Ar-purged solution, the 𝐸 𝑒𝑞 of the O2/H2O2 reaction
(Eq. 6-3) [35] is 0.65 VRHE for 10 mM H2O2, 0.68 VRHE 1 mM H2O2, and 0.71 VRHE for
0.1 mM.
O2 + 2 H+ + 2 e– ⇆ H2O2, 𝐸𝑒𝑞 = 0.68 + 0.03 log (PO2/[H2O2]) (VRHE)

(Eq. 6-3)
𝑒𝑞

Hydrogen peroxide could undergo oxidation at potentials between 𝐸𝐻2 𝑂2 𝐻2𝑂 and
𝑒𝑞

𝐸𝑂2 𝐻2 𝑂2 . It also has a negligible effect on the ionic strength; thus, the transfer process is
not influenced by the addition of H2O2.
The results showed that 0.1 mM H2O2 is not an effective oxidant and has a
negligible effect on the 𝐸𝑐𝑜𝑟𝑟 vs 𝑡𝑐𝑜𝑟𝑟 , PD behaviour and the current densities observed
after 0-h 𝐸𝑐𝑜𝑟𝑟 measurement. However, the PD results performed after 8-h 𝐸𝑐𝑜𝑟𝑟
measurement showed that, when CS is polarized to negative potentials (when hydrogel
has already formed at the surface), the cathodic current is comparable to the PD curve
after 0-h 𝐸𝑐𝑜𝑟𝑟 measurement. The results indicate that hydrogen peroxide can be reduced
at the hydrogel layer formed during the 𝐸𝑐𝑜𝑟𝑟 measurement which produces a current as
large as in the PD after 8-h 𝐸𝑐𝑜𝑟𝑟 measurement, while the reduction of water on the
hydrogel layer generates only a small current density.
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In 1 mM H2O2 solution, the initial 𝐸𝑐𝑜𝑟𝑟 was slightly higher than for 0 and
0.1 mM H2O2 which indicates that hydrogen peroxide is an effective oxidant even for the
oxidation of Fe to FeII when the surface is clean, and that oxidation of Fe is under 2electron charge transfer. The accelerated oxidation of Fe to Fe(OH)2 by H2O2, and
consequently the formation of a Fe(OH)2/Fe(OH)3 hydrogel, provides the conditions for
the oxidation of Fe(OH)2 to Fe(OH)3. For longer 𝑡𝑐𝑜𝑟𝑟 periods in 1 mM H2O2 solution,
𝑒𝑞

the 𝐸𝑐𝑜𝑟𝑟 approached a value above 𝐸Fe(𝑂𝐻)2 ⇄𝐹𝑒3 𝑂4 while it remained in a potential range
𝑒𝑞

below 𝐸Fe(𝑂𝐻)2 ⇄𝐹𝑒3 𝑂4 in blank and 0.1 mM H2O2 solutions. The decrease in the net
anodic current density in 1 mM H2O2 relative to that in 0.1 mM H2O2 is associated with
the reduction reaction. Solutions containing higher [H2O2]0 have higher values of
𝑒𝑞

𝐸𝐻2 𝑂2⇄𝑂2 . Thus, the sum of iron oxidation and H2O2 reduction is smaller in solutions
containing higher [H2O2]0, which results in lower net anodic current density.
A high concentration of H2O2 (10 mM H2O2) provides a sufficiently oxidizing
environment to rapidly convert the hydrolyzed FeII and FeIII into solid mixed FeII/FeIII
oxides. The formation of solid oxide shifts the 𝐸𝑐𝑜𝑟𝑟 toward the 2nd steady state, where
𝑒𝑞

the 𝐸𝑐𝑜𝑟𝑟 is closer to the 𝐸Fe(𝑂𝐻)2 ⇄𝐹𝑒3 𝑂4 reaction, and the thermodynamic conditions for
𝑒𝑞

the conversion of Fe3O4 to Fe2O3 are met at potentials above 𝐸 𝐹𝑒3 𝑂4⇄𝐹𝑒2 𝑂3 (0.361 VRHE).
-Fe2O3 is a semiconductor and limits the oxidation rate by generating a potential barrier
for charge transfer reactions. The net current at significantly high potentials in the PD
indicates the formation of a protective oxide at potentials close to the 2nd steady-state
𝐸𝑐𝑜𝑟𝑟 of CS in 10 mM H2O2.
In the PD curve obtained after the 0-h 𝐸𝑐𝑜𝑟𝑟 measurement in 10 mM H2O2
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solution, unlike in the one for the 8-h 𝐸𝑐𝑜𝑟𝑟 measurement, only one 𝐸𝑖=0 was observed.
However, at a potential lower than 𝐸𝑐𝑜𝑟𝑟 , a slight decrease in the cathodic current was
observed. Although the net rates of the oxidation and reduction reactions are negative
near 𝐸𝑐𝑜𝑟𝑟 , the rate of oxidation is high enough to provide the conditions for the rapid
formation of the solid oxide, which results in a decrease in the oxidation rate. Because the
rate of oxidation in the presence of an oxide barrier is very low, the current density
𝑒𝑞

remained negative until the potential reached values higher than 𝐸𝐻2 𝑂2 ⇄𝑂2 . Thus, only
one 𝐸𝑖=0 was seen in the PD curve. The rate of CS corrosion in 10 mM H2O2 is the sum
of the oxidation of H2O2 to O2, reduction of H2O2 to H2O, and oxidation of Fe.
The anodic and cathodic slopes in all solutions, except for 10 mM H2O2, was
120 mV decade-1. This Tafel slope is indicative of 1-electron transfer reactions (H2O/OH–
and FeII/FeIII for reduction and oxidation reaction). For 10 mM H2O2, the oxidation
reactions are predominantly H2O2 oxidation and FeII oxidation. The slope of the cathodic
branch was close to 60 mV decade-1 which is an indication of the H2O2/H2O 2-electron
charge transfer reaction.
6.3.2

Effect of H2O2 on the Corrosion of CS in High Ionic Strength Solutions
(H2O2 solution of pH 2.0)
The effect of H2O2 on the corrosion of CS in high ionic strength (10 mM NO3–

and 100 mM NO3– nitrate at initial pH 2.0) was investigated using electrochemical
techniques (𝐸𝑐𝑜𝑟𝑟 measurements, PD tests, and LPR measurement) and solution analysis
(ICP-OES). The results are presented in Figure 6-3 and Figure 6-4.
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Figure 6-3: 𝑬𝒄𝒐𝒓𝒓 as a function of log(𝒕𝒄𝒐𝒓𝒓 ) and the PD curves for CS in 10 mM NO3–
and 100 mM NO3– solution with initial pH 2.0, in the absence and presence of
10 mM H2O2: curves taken immediately after cathodic cleaning
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Figure 6-4: [𝑭𝒆]𝒎𝒆𝒂𝒔 and 𝑹𝒑 as function of 𝒕𝒄𝒐𝒓𝒓 during corrosion of CS in 10 mM or
100 mM NO3– solution with initial pH 2.0 in the absence and presence of 10 mM
H2O2.

The key observations from these experiments (presented in Figure 6-3 and
Figure 6-4.) are as follows:
In 10 mM NO3–:
•

The steady state 𝐸𝑐𝑜𝑟𝑟 was -0.11 VRHE in the presence and absence of H2O2 and was
𝑒𝑞

close to 𝐸𝐹𝑒 ⇆ 𝐹𝑒(𝑂𝐻)2 . The 𝐸𝑐𝑜𝑟𝑟 after 8 h was close to the 𝐸𝑖=0 observed in the PD
curves.
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•

In the absence or presence of H2O2, both the anodic and cathodic currents have the
same values. The anodic Tafel slope was less than 120 mV/decade with and without
H2O2.

•

[𝐹𝑒]𝑚𝑒𝑎𝑠 increased almost linearly with 𝑡𝑐𝑜𝑟𝑟 in all solutions. The dissolution rates in
the first 4 h were 31.9 mol cm-2 h-1 and 20.3 mol cm-2 h-1, corresponding to
1.7110-3 A cm-2 in solution without H2O2 and 1.0910-3 A cm-2 in solution with
H2O2.

•

The values of 𝑅𝑃 were generally higher in the presence of H2O2. 𝑅𝑃 slightly increased
with corrosion time in both solutions.

In 100 mM NO3–:
•

The steady state 𝐸𝑐𝑜𝑟𝑟 values were -0.163 and -0.144 VRHE in the absence and the
presence of H2O2, respectively. These 𝐸𝑐𝑜𝑟𝑟 values were slightly below the value of
𝑒𝑞

𝐸𝑐𝑜𝑟𝑟 in 10 mM nitrate solution and slightly below 𝐸𝐹𝑒 ⇆ 𝐹𝑒(𝑂𝐻)2 . The values of 𝐸𝑖=0
were approximately 50 mV higher in the presence of H2O2.
•

Addition of 10 mM H2O2 did not change the anodic branch, while it increased the
cathodic current almost 2 times. The anodic Tafel slope was 120 mV decade-1 in both
the presence and absence of H2O2. Current densities plateaued above 100 mV.

•

[𝐹𝑒]𝑚𝑒𝑎𝑠 increased almost linearly with 𝑡𝑐𝑜𝑟𝑟 in all solutions. The dissolution rates in
first 4 h were 48.0 mol cm-2 h-1 and 24.4 mol cm-2 h-1 in the absence and presence
of H2O2, respectively, corresponding to 2.5710-3 A cm-2 and 1.3110-3 A cm-2. In the
presence of H2O2, in the last 4 h of 𝐸𝑐𝑜𝑟𝑟 measurements, the dissolution rate slowed
down.
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•

The value of 𝑅𝑃 increased with 𝑡𝑐𝑜𝑟𝑟 (except for the decrease observed after 2 h in the
absence of H2O2,) and was generally higher in the presence of H2O2. The 𝑅𝑃 values in
100 mM NO3– were lower than those obtained in 10 mM NO3–.

6.3.2.1 Effect of hydrogen peroxide on corrosion of CS in nitric acid solutions
As discussed in Chapter 4, during corrosion of CS in 10 mM NO3–, the
𝑒𝑞

𝐸𝑐𝑜𝑟𝑟 approaches a value close to 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 suggesting that Fe(OH)2 has formed, but
the hydrogel at the interface has not become sufficiently saturated with FeII to form
𝑒𝑞

oxides. In 100 mM NO3– solutions, the 𝐸𝑐𝑜𝑟𝑟 is significantly below 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 , which
suggests that the FeII saturation concentration in the interfacial region is not reached
within the duration of the test.
An increase in [NO3–] from 10-2 M to 10-1 M did not change the magnitude of the
cathodic current but significantly increased the anodic current and decreased the anodic
Tafel slope. Thus, an increase in the [NO3–] at pH 2.0 does not affect the reduction rate,
but rather increases the rate of oxidation via increasing the mass transfer rate of metal
species, and increases the saturation capacity for FeII near the surface, which delays the
formation of Fe(OH)2. The results of these experiments showed that although H2O2
slightly increases the initial 𝐸𝑐𝑜𝑟𝑟 , the 𝐸𝑐𝑜𝑟𝑟 approaches the same value as in the absence
of H2O2. The experiments performed in lower ionic strength (solutions of pH 6.0)
suggested that 10 mM H2O2 is effective as an oxidant, and results in fast formation of a
protective oxide, which consequently limits the oxidation of Fe and decreases the Fe
oxidation current. However, the results at pH 2.0 indicated that, even in the presence of
10 mM H2O2, the mass transport in 10 mM NO3– and 100 mM NO3– is fast, and the
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corrosion products can rapidly transport away from the metal surface into the bulk
solution, preventing their accumulation and the formation of an extensive hydrogel
network; Thus, in the absence of a dense hydrogel layer, the presence of 10 mM H2O2
cannot further increase the 𝐸𝑐𝑜𝑟𝑟 to the potentials where the formation of a protective
oxide limits the oxidation to the extent that the 𝐸𝑐𝑜𝑟𝑟 is controlled mainly by the
oxidation and reduction of hydrogen peroxide (as observed in pH 6.0 buffered solution).
The PD tests showed that hydrogen peroxide increases the cathodic current in
100 mM NO3–, indicating that H2O2 is reduced to H2O under negative applied potentials.
However, when CS is naturally corroding during 𝐸𝑐𝑜𝑟𝑟 measurements, hydrogen peroxide
reduction cannot be effectively coupled with the oxidation of iron unless iron cations can
accumulate at the surface and form a solid phase. When the potential was scanned toward
positive potentials in 10 mM NO3– and 100 mM NO3–, FeII continued to diffuse out
towards the bulk solution in the acidic environment; thus, conditions for the formation of
a dense gel layer could not be met.
While oxide formation is negligible under naturally corroding conditions, when
H2O2 is present, the rate of change of [𝐹𝑒]𝑚𝑒𝑎𝑠 is lower than in the solution without H2O2
and decreases with 𝑡𝑐𝑜𝑟𝑟 , due to continuous oxide formation inside the hydrogel. The
lower slope of [𝐹𝑒]𝑚𝑒𝑎𝑠 vs 𝑡𝑐𝑜𝑟𝑟 , and higher 𝑅𝑝 in the presence of H2O2 can be attributed
to the formation of Fe(OH)2/Fe3O4/FeOOH.
6.3.3

Effect of H2O2 on Corrosion of Stainless Steels in High Ionic Strength Acidic
Solutions
The effect of H2O2 on the electrochemical behaviour of 304L SS and 309 SS
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(10 mM NO3– and 100 mM NO3– nitrate at initial pH 2.0) was investigated using
electrochemical techniques (𝐸𝑐𝑜𝑟𝑟 measurements, PD tests, and LPR measurement) and
solution analysis (ICP-OES). The results are presented in Figure 6-5 and Figure 6-6. To
investigate the effect of H2O2 on the corrosion of 304L SS, and 309 SS, [𝐹𝑒]𝑚𝑒𝑎𝑠 ,
[𝑁𝑖]𝑚𝑒𝑎𝑠 and [𝐶𝑟]𝑚𝑒𝑎𝑠 as function of 𝑡𝑐𝑜𝑟𝑟 , in 10 mM NO3− and 100 mM NO3−, were
compared for solutions with and without H2O2 (Figure 6-7).

Figure 6-5: 𝑬𝒄𝒐𝒓𝒓 as a function of log(𝒕𝒄𝒐𝒓𝒓 ) for 304L SS and 309 SS in NO3–
-containing pH 2.0 buffered solutions, in the absence and the presence of
10 mM H2O2. Tests taken immediately after cathodic cleaning.

168

Figure 6-6: 𝑬𝒄𝒐𝒓𝒓 of as a function of 𝒕𝒄𝒐𝒓𝒓 and PD for 304L SS and 309 SS in nitratecontaining pH 2.0 non-buffered solution, in the absence and the presence of 10 mM
H2O2. Tests were performed immediately after 8 h 𝑬𝒄𝒐𝒓𝒓 measurement.
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Figure 6-7: [𝑭𝒆]𝒎𝒆𝒂𝒔 , [𝑵𝒊]𝒎𝒆𝒂𝒔 , and [𝑪𝒓]𝒎𝒆𝒂𝒔 as a function of 𝒕𝒄𝒐𝒓𝒓 during corrosion
of 304L SS and 309 SS in NO3–-containing pH 2.0 non-buffered solutions, in the
presence and absence of 10 mM H2O2.

The key observations from the results of these 𝐸𝑐𝑜𝑟𝑟 measurements, 𝑃𝐷
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measurements, and ICP-OES results (presented in Figure 6-5, Figure 6-6, and Figure
6-7) are as follows:
•

For both 304L SS and 309 SS, the 𝐸𝑐𝑜𝑟𝑟 vs log (𝑡𝑐𝑜𝑟𝑟 ) curves were initially similar in
all solutions. It should be noted that the initial 𝐸𝑐𝑜𝑟𝑟 was slightly higher in the
presence of H2O2.

•

𝑒𝑞

𝑒𝑞

In the absence of H2O2, 𝐸𝑐𝑜𝑟𝑟 approached 𝐸𝑁𝑖⇆𝑁𝑖(𝑂𝐻)2 and 𝐸𝐹𝑒(𝑂𝐻)2⇆𝛾−𝐹𝑒𝑂𝑂𝐻 but
𝑒𝑞

remained below 𝐸𝐹𝑒(𝑂𝐻)2⇆𝐹𝑒(𝑂𝐻)3 .
•

For 304L SS, the presence of 10 mM H2O2 resulted in a rapid increase in the 𝐸𝑐𝑜𝑟𝑟 .
The 𝐸𝑐𝑜𝑟𝑟 reached its 2nd steady-state after 100 s in 100 mM NO3– (close to the
𝑒𝑞

𝐸𝐹𝑒3 𝑂4⇆𝛾−𝐹𝑒𝑂𝑂𝐻 ), while approaching the higher value of 0.8 VRHE (close to the
𝑒𝑞

𝐸𝐶𝑟(𝑂𝐻)
•

2−
3⇆ 𝐶𝑟𝑂4

) in 10 mM NO3–.

For 309 SS in 100 mM NO3–, the addition of 10 mM H2O2 increased the initial 𝐸𝑐𝑜𝑟𝑟
𝑒𝑞

to a value above 𝐸𝐹𝑒3 𝑂4⇆𝛾−𝐹𝑒𝑂𝑂𝐻 . The 𝐸𝑐𝑜𝑟𝑟 then dropped more than 200 mV within
20 s, and increased again to a value close to that observed for 304L SS.
•

For both alloys in 10 mM HNO3 + 10 mM H2O2,, and for 309 SS in 100 mM
𝑒𝑞

HNO3+10 mM H2O2, 𝐸𝑐𝑜𝑟𝑟 increased to a potential above 𝐸𝐻2 𝑂2⇆𝑂2 , at which the
oxidation of H2O2 becomes the dominant oxidation reaction. For 304L SS, in 100 mM
HNO3+10 mM H2O2, mass transfer of cations is sufficiently fast that 𝐸𝑐𝑜𝑟𝑟 remains at
𝑒𝑞

a potential below 𝐸𝐻2 𝑂2 ⇆𝑂2 .
•

For both 304L SS and 309 SS, the anodic regions of all PD curves showed passive
behaviours. The passive region in the presence of H2O2 is smaller than in its absence.
For 309 SS the anodic current density for10 mM nitrate solution (~210-6 A cm-2-) is
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the highest among all the solutions. The addition of 90 mM nitrate or 10 mM H2O2
decreased the current density.
•

For 309 SS in the presence of H2O2 the 𝐸𝑖=0 was the same as 𝐸𝑐𝑜𝑟𝑟 , whereas the
𝐸𝑖=0 values were 200 mV lower (in 10 mM NO3–) or higher (in 100 mM NO3–) than
𝐸𝑐𝑜𝑟𝑟 for 304L SS. Note that the results in the absence of hydrogen peroxide were
previously discussed in Chapter 5.

•

For both concentrations of nitrate and for both stainless steels, hydrogen peroxide had
a negligible effect on the trend of changes in [𝐹𝑒]𝑚𝑒𝑎𝑠 , [𝑁𝑖]𝑚𝑒𝑎𝑠 and [𝐶𝑟]𝑚𝑒𝑎𝑠 .

•

For 309 SS, the concentrations of dissolved metals were not affected by H2O2
addition. However, over 2 h of corrosion, H2O2 slightly increased the rate of change
of [𝑁𝑖]𝑚𝑒𝑎𝑠 and slightly decreased the rates of change of [𝐹𝑒]𝑚𝑒𝑎𝑠 and [𝐶𝑟]𝑚𝑒𝑎𝑠 . The
plot of [𝐶𝑟]𝑚𝑒𝑎𝑠 vs. time remained almost unchanged upon addition of H2O2.

•

For 309 SS, the concentrations of dissolved metals were not affected by H2O2
addition except in the case of [𝑁𝑖]𝑚𝑒𝑎𝑠 .

6.3.3.1 Effect of hydrogen peroxide on the corrosion of stainless steels in nitric acid
solutions
The corrosion of stainless steels in 10 mM and 100 mM NO3– pH 2.0 nonbuffered solutions without H2O2 was discussed in detail in Chapter 5. A mechanism
proposed for Alloy 800 corrosion [36] was used to describe the oxidation of stainless
steels in nitrate solution. The effect of hydrogen peroxide on the rates of each
intermediate step is discussed here; however, the steps themselves, and therefore the
overall mechanism, should be the same.
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Figure 6-8: Proposed mechanism for Alloy 800 corrosion [36].

Immediately after cathodic cleaning in 10 mM NO3– or 100 mM NO3– pH 2.0
non-buffered solutions, the 𝐸𝑐𝑜𝑟𝑟 values of both stainless steels approached a steady state
𝑒𝑞

𝑒𝑞

𝑒𝑞

value close to 𝐸𝐹𝑒(𝑂𝐻)2 ⇆𝛾−𝐹𝑒𝑂𝑂𝐻 , which is below 𝐸𝐶𝑟 𝐼𝐼𝐼 ⇆𝐶𝑟 𝑉𝐼 , and above 𝐸𝐹𝑒3 𝑂4⇆𝛾−𝐹𝑒𝑂𝑂𝐻
𝑒𝑞

and 𝐸𝑁𝑖⇆𝑁𝑖 𝐼𝐼 (Ni𝐹𝑒

2 𝑂4

and Ni(𝑂𝐻)2 )

, indicating that 10 mM NO3– and 100 mM NO3–

solutions are sufficiently oxidizing to form NiII oxide/hydroxide on stainless steel
surfaces from which Ni2+ can dissolve out. All three iron (hydr)oxides (Fe(OH)2, Fe3O4
and -FeOOH) are also thermodynamically stable at the final values of 𝐸𝑐𝑜𝑟𝑟 . Addition of
10 mM H2O2 to nitric acid solutions does not affect the initial 𝐸𝑐𝑜𝑟𝑟 of stainless steels.
However, in the presence of H2O2, the 𝐸𝑐𝑜𝑟𝑟 of 304L SS and 309 SS shifts toward a
higher value.
For both alloys, in all solutions, oxidation of metal cations from the surface is
followed by hydration, hydrolysis, and diffusion of the cations. Chromium oxide (Cr2O3)
can remain on the surface as the previously air-formed oxide. The presence of Cr2O3 can
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provide a large potential barrier that can significantly lower the interfacial metal
oxidation rate for the oxidation of Fe ⇌ Fe2+ and Ni ⇌ Ni2+. The oxidation of Fe
produces FeII species which react with Cr2O3 to form FeCr2O4. The formation of this iron
chromate oxide is followed by the rapid oxidation of FeII to FeIII to form Fe3O4 and
FeOOH. In the presence of H2O2, the rate of oxidation is increased, and the maximum
[𝐹𝑒]𝑚𝑒𝑎𝑠 (occurring at 2 h) was lower than in its absence, indicating that oxide formation
was accelerated by H2O2. The increase in the 𝐸𝑐𝑜𝑟𝑟 in H2O2 solution provides the
conditions for Ni to NiII oxidation to be thermodynamically possible, which leads to the
formation of an iron spinel oxide (NiFe2O4), and finally NiO/Ni(OH)2. The dissolved ions
can diffuse out into the solution phase while they are in equilibrium with the oxides.
When hydrogen peroxide was present, the slope of [𝑁𝑖]𝑚𝑒𝑎𝑠 vs 𝑡𝑐𝑜𝑟𝑟 in the first 2 h was
higher than in its absence, which could indicate faster oxidation of Ni to NiII. The further
increase in the 𝐸𝑐𝑜𝑟𝑟 of stainless steels in the presence of hydrogen peroxide relative to in
nitric acid solutions can be attributed to the growth of NiFe2O4.
Dissolved cations can diffuse out from the interfacial region toward the solution.
Thus, the concentration of metal cations increases until the saturation limit of these
species is reached, and hydroxide and oxide formation become dominant. This results in
[𝐹𝑒]𝑚𝑒𝑎𝑠 , [𝑁𝑖]𝑚𝑒𝑎𝑠 , and [𝐶𝑟]𝑚𝑒𝑎𝑠 remaining constant with 𝑡𝑐𝑜𝑟𝑟 .

6.4

SUMMARY
The electrochemical behaviours of CS, 304L SS and 309 SS were investigated by

initial addition of hydrogen peroxide in pH 6.0 buffered and pH 2.0 nitric acid solutions.
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The corrosion of these alloys was then assessed using solution analysis methods. The
results presented in this chapter have improved the understanding of how hydrogen
peroxide (key product of water radiolysis) can affect carbon steel and stainless steels
corrosion.
The corrosion study of CS, 304L SS, and 309 SS in the combined presence of nitrate
and hydrogen peroxide gives us insight into their corrosion in the presence of water and
humid air radiolysis products. This analysis also demonstrates the role of hydrogen
peroxide concentration as a potential oxidant when the ionic strength of the solution is
low, and mass transport is slow, as well as in conditions where the ionic strength is high
and another oxidant (nitrate) is present.
In pH 6.0 buffered solutions, the addition of a small amount of 10-4 M H2O2 does not
change the corrosion potential and the PD behaviour of CS. A more oxidizing
environment (10-3 M H2O2), however, significantly increases the 𝐸𝑐𝑜𝑟𝑟 and changes the
electrochemical behaviour of CS. In the presence of high concentrations of hydrogen
peroxide (10 mM H2O2), the corrosion potential is controlled by the redox reaction of
H2O2 rather than by the metal oxidation and solution species redox reactions.
It was concluded that for [H2O2]0<10-2 M, 𝐸𝑐𝑜𝑟𝑟 is determined by the cathodic current of
–

the H2O2/OH reduction reaction, coupled with the anodic current of the iron oxidation
-2

half-reaction. On the other hand, for [H2O2]≥10 M, 𝐸𝑐𝑜𝑟𝑟 is likely to be determined
primarily by the cathodic half-reactions of H2O2, coupled with the anodic half-reactions
of H2O2.

In acidic solutions, CS corrosion is not influenced by the addition of H2O2 to nitric
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acid solutions, except for the fact that it decreases the rate of change of [𝐹𝑒]𝑚𝑒𝑎𝑠 , which
indicates that it accelerates oxide formation while not affecting the net rate of oxidation.
This finding revealed the role of mass transport in the corrosion process. While hydrogen
peroxide was identified as an effective oxidant in low ionic strength solutions, when mass
transport is fast, in the high ionic solutions with the same concentration of hydrogen
peroxide, oxide formation does not occur, as observed in the buffered solutions.
The corrosion of the tested stainless steels is highly affected by the addition of
hydrogen peroxide. Unlike in nitric acid solutions, in more oxidizing solutions at the
same ionic strength (i.e., when 10 mM hydrogen peroxide solution was added to nitric
acid), the saturation of the surface can immediately occur, which limits surface oxidation
by limiting the mass transfer of metal ions to the solution phase. This oxide formation
shifts the 𝐸𝑐𝑜𝑟𝑟 to the equilibrium potential of the H2O2 oxidation reaction. The difference
between CS corrosion and stainless steel corrosion in a similar environment was
attributed to the different oxides that form on the surface.
Although addition of 10 mM H2O2 to the non-buffered pH 2.0 solution containing
10 mM and 100 mM NO3– increases the 𝐸𝑐𝑜𝑟𝑟 of both 304L SS and 309 SS, it has no
significant effect on [𝐹𝑒]𝑚𝑒𝑎𝑠 , [𝑁𝑖]𝑚𝑒𝑎𝑠 , 𝑎𝑛𝑑 [𝐶𝑟]𝑚𝑒𝑎𝑠 despite the difference in the
composition of these two types of stainless steels.
The results presented in this chapter demonstrate how corrosion of CS, 304L SS and
309 SS are affected by hydrogen peroxide concentration, the combination of hydrogen
peroxide and nitrate and the role of ionic strength. It was concluded that while hydrogen
peroxide is a strong oxidant and its influence on the corrosion, metal dissolution and
oxide formation on both stainless steels is marked, for CS ion transfer plays a more
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important role in the corrosion pathway. These results will be particularly important for
interpreting the results presented in Chapter 7 and Chapter 8 where the corrosion of CS,
304L SS and 309 SS, and the CS-309 SS weld joint are studied in the presence of gamma
radiation. In the following chapters, and based on the results presented in this chapter and
Chapter 4 and Chapter 5, the role of radiolytic hydrogen peroxide and nitric acid on the
corrosion pathways can be explained as a function of time and cover gas composition.
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7 CHAPTER 7
CORROSION DYNAMICS OF CARBON STEEL IN
SMALL VOLUME SOLUTIONS

7.1

INTRODUCTION
The annular air gap around the periphery of the calandria tank assembly and its

supporting structures in the nuclear CANDU reactor are exposed to a continuous flux of
-radiation (which has the largest penetration depth of the three types of ionizing
radiation (- -, and -rays) [1]) and could contain small volumes of stagnant water or be
exposed to humid air. When ionizing radiation is present, water is decomposed to redoxactive species such as H2O2 and •OH [1,2] (Eq. 7-1), and humid air radiolysis produces
HNO3, which eventually dissolves into the small volume stagnant water layer [3,4] (Eq.
7-2).



H2O → → •OH, •eaq−, •H, H2, H2O2, H+
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(Eq. 7-1)



N2, O2, H2O → → •H, •OH, •N, •O, H2, O2, H2O2, O3, NOx, HNO3

(Eq. 7-2)

These species can participate in the corrosion process and affect the corrosion behaviour
of CS [5,6].
Corrosion involves many electrochemical and chemical reactions, which are
coupled with interfacial transfer and solution transport of metal cations [7,8]. The overall
corrosion rate is determined by the rates of the elementary steps involved in the corrosion
process, and the solution parameters affecting the rates of the elementary processes [9–
11]. In previous chapters, the effect of chemically added HNO3 and H2O2 on the
corrosion behaviour of CS was studied using electrochemical methods. The small
solution volumes are expected to be rapidly saturated with the initial corrosion products,
and the subsequent reactions of dissolved metal cations and metal hydroxide/oxide
formation and growth can be complex. These chemical processes can strongly affect the
corrosion dynamics. In this chapter, the oxide growth and corrosion evolution were
investigated via coupon exposure studies in solutions initially containing different
concentrations of chemically added radiolysis products (i.e., HNO3 or H2O2). The
coupling between the charge transfer reactions and the diffusion kinetics was studied by
monitoring the dissolved concentration of iron using inductively coupled plasma-optical
emission spectroscopy (ICP-OES). The evolution of the surface during corrosion was
studied using optical and scanning electron microscopy. The chemical composition of the
oxide was characterized using Raman spectroscopy. All experiments in this chapter were
performed in small volume solutions (150 L and 89 L for carbon steel and pure iron
coupons, respectively), with different initial concentrations of nitric acid or hydrogen
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peroxide. The small water volumes were chosen because they represent the conditions
that carbon steel in annular gap in the calandria tank assembly will experience in the
presence of humid air.
7.2
7.2.1

EXPERIMENTAL PROCEDURES
Sample and Solution Preparation
Coupons of pure iron (purchased from Goodfellow) with a diameter of 0.77 cm

and Grade 36A carbon steel (CS) (provided by OPG) (composition in wt.%: 0.15 C, 0.84
Mn, 0.024 P, 0.03 S, 0.24 Si, 0.16 Cr, 0.23 Cu, 0.03 Mo, 0.23 Ni, balance Fe), with a
diameter of 1 cm, were used in this study. The coupons were manually polished with a
series of fine silicon carbide papers (400, 600 and 1200, and 2500 grit), followed by
polishing on a Texmet microcloth (Buehler) with a 1 μm MetaDi Supreme diamond paste
suspension (Buehler) and sonication in an acetone/methanol mixture for 5 min to remove
polishing residues. The polished coupons were then rinsed with Type I water and dried in
flowing argon.
All solutions were prepared with water purified with a NANO pure Diamond UV
ultrapure water system (Barnstead International) to give a resistivity of 18.2 MΩ.cm. The
test solutions used in this chapter were 10-2 M HNO3 (with an initial pH of 2.0), 10-3 M
HNO3 (with an initial pH of 3.0), 10-4 M HNO3 (with an initial pH of 4.0) and 10-4 M
H2O2 with an initial pH of 6.0. The nitric acid test solution was prepared by diluting
concentrated nitric acid (Caledon Laboratories Ltd). A hydrogen peroxide test
solution (10 -4 M) was prepared prior to each experiment by dilution from a
3.5 wt.%, stock H 2 O2 solution (Fisher Chemical).
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7.2.2

Droplet Studies
The freshly polished and argon-dried coupons were placed in individual vials. A

150 µL drop of the solution was placed on the CS surface using a micropipette. In order to
have the same volume/surface area ratio, the droplet volume used for pure iron
coupons was 89 µL. The water droplets spread to the edges of the coupons, covering the
entire surface of these coupons, and forming dome shapes, as shown in Figure 7-1.

Figure 7-1: The droplet study set up; a 150 μL water droplet on the surface of a
circular carbon steel coupon surface.

The coupon surfaces were exposed to the test solution for periods of time ranging
from 15 min to 72 h. The solutions were naturally aerated by having been prepared under
air, and no additional aerating gases were used. To suppress decomposition of H2O2 in
the presence of light, all the test vials were covered with aluminum foil for the
experiments performed in the presence of 10-4 M H2O2. After the experiment, each
coupon was washed with 6 mL of NANOpure water to collect all the loose particles
formed on the surface, and then dried in flowing argon.
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7.2.3

Post-Test Analyses

7.2.3.1 Solution Analysis
The dissolved iron concentration ([Fe]𝑚𝑒𝑎𝑠 ) in the test solution was analyzed
using ICP-OES. Prior to the solution analysis, pure nitric acid (trace analytical grade,
Fisher Scientific) was added to the collected solutions to dissolve any colloidal particles
present. Therefore, the concentration of dissolved metal measured using ICP includes any
colloid particles that were present in the solution. The detection limit for iron using this
technique was determined to be 0.1 ppb.
7.2.3.2 Surface Analysis
The coupon surfaces were imaged using a Leica DVM6 optical microscope.
Scanning electron microscopy (SEM) images and energy-dispersive x-ray spectroscopy
(EDX) were obtained using a Hitachi S-4500 field emission scanning electron
microscope equipped with a Quartz XOne EDX system or using an LEO (Zeiss)
1540XB SEM/EDX. Raman spectroscopy was used to determine the composition of
oxides, comparing the Raman spectra obtained with those of standard compounds. The
Raman spectra were obtained using a Renishaw model 2000 spectrometer with a laser
excitation wavelength of 633 nm and spatial resolution of ~1 µm.

7.3

RESULTS AND DISCUSSION
Iron oxides and hydroxides are known to have characteristic colours. The colours in

the low-magnification optical micrographs thus provide analytical information on the
types of oxide present and their spatial distributions on the corroded surface. In this
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chapter and in Chapter 8, optical images are shown, which show the progression through
the dynamic stages. It is therefore useful here to describe the characteristic colours of iron
oxides and hydroxides prior to a detailed discussion of the dynamic stages. Oxide colours
and morphologies are already well established from previously published work, in which
detailed analyses were performed using Raman, XPS, and optical and scanning electron
microscopy [10,40,146,179,180]. Hydrated ferrous species (FeII(aq) and Fe(OH)2) are
green; Fe(OH)3 and its dehydrated form (amorphous FeOOH) are yellow to brown;
magnetite (Fe3O4) and maghemite (-Fe2O3) are black; hematite (-Fe2O3 ) is red; and
lepidocrocite (-FeOOH) is orange [43]. The colours of iron oxide powder samples
(supplied by Alfa Aesar) observed under the optical microscope are presented in Figure
7-2.

Figure 7-2: Colours of different iron oxides (supplied by Alfa Aesar) observed using
optical microscopy [40].

Studying the time-dependent behaviour of the corrosion of metals in small volume
solution droplets allows the rate-determining step(s) that control(s) the overall corrosion
rate to be identified. It also provides information on the effect of solution parameters on
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the nature and duration of the different dynamic stages. To study the evolution of the
corrosion dynamics of CS, the overall yields of metal oxidation products (i.e., the total
dissolved metal cations and hydroxides/oxides) were measured as a function of corrosion
duration (𝑡𝑐𝑜𝑟𝑟 ), and the changes over time in the morphology and elemental and
chemical composition of the surface were studied.
Figure 7-3 presents the optical images of the surfaces and the dissolved iron
concentrations ([Fe]𝒎𝒆𝒂𝒔 ) as a function of corrosion duration for CS in a 150 L solution
initially containing different concentrations of HNO3. The [Fe]𝒎𝒆𝒂𝒔 vs. time is plotted in
different scales to allow the corrosion behaviour over short and long timescales to be
observed. The durations of the distinct kinetic stages identified are indicated on the top of
the plots.
The surface evolution and the [Fe]𝑚𝑒𝑎𝑠 values exhibited three distinct stages, each
with its own characteristic dependence on 𝑡𝑐𝑜𝑟𝑟 . These will be referred to henceforth as
“dynamic stages.” It should be noted that the droplet forms a dome shape, and the
solution does not have a uniform thickness over the coupon surface. As discussed later,
corrosion progression to subsequent stages is faster for smaller solution depths.
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Figure 7-3: Optical images of surfaces and dissolved iron ([Fe]𝒎𝒆𝒂𝒔 ) obtained as a
function of corrosion duration in 150 L droplets, initially containing different
concentrations of HNO3, a) log [Fe]𝒎𝒆𝒂𝒔 vs tcorr b) [Fe]𝒎𝒆𝒂𝒔 vs tcorr, c) [Fe]𝒎𝒆𝒂𝒔 within
first 5 h of corrosion ([Fe]𝒎𝒆𝒂𝒔 for 10-3 M HNO3 and 10-4 M HNO3 was multiplied by
10 and 100, respectively), and d) [Fe]𝒎𝒆𝒂𝒔 within 5 h of corrosion).
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Figure 7-4 shows high magnification optical images and SEM images of the CS
coupon surfaces in 10-2 M HNO3 solution. These images can be used along with Figure
7-2 to study the corrosion progression with time.

Figure 7-4: High magnification optical images and different magnification SEM
images of the central area of a CS surface corroded in 10-2 M HNO3 solution for
different durations.

The data presented in Figure 7-3a show that the [Fe]𝑚𝑒𝑎𝑠 at very early times has
a linear dependence on [HNO3]0. At longer times, [𝐹𝑒]𝑚𝑒𝑎𝑠 approaches the same limiting
value of ~15 µmol cm-2, independent of [HNO3]0; however, the rate of approach to this
value is faster for a higher [HNO3]0.
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The general characteristics of the different dynamic stages in the presence of
different [HNO3]0 values are as follows (a more detailed description of these stages will
be given later in the chapter):
• Stage 0: The total amount of dissolved metal increased approximately linearly
with time. The rate of metal dissolution (the slope of [Fe]𝑚𝑒𝑎𝑠 vs time) in this
stage was approximately proportional (within a factor of 2) to [HNO3]0. However,
the duration of this stage appeared to be shorter for higher [HNO3]0 values. Note
that the concentration fluctuated about the average value that increased linearly
with time. The fluctuation is due to the nature of the corrosion process, because it
involves interfacial transfer of metal species from solid to liquid and liquid to
solid phase, which results in a decreased or increase in total dissolved iron
concentration at a certain 𝑡𝑐𝑜𝑟𝑟 . The macroscopic dissolution rates for different
[HNO3]0 values are presented in Table 7-1:
Rate  k0  [HNO3]0

(Eq. 7-3)

Table 7-1: Dissolution rates and reaction constants for Fe dissolution in solutions
containing different [HNO3]0. The data were obtained from Figure 7-3c. The ratio of
𝑽

solution volume (V) to surface area (A) was 0.191 cm ( =0.191 cm)
𝑨

[HNO3]0 (M)

𝑹𝒂𝒕𝒆(𝒕𝒄𝒐𝒓𝒓 <𝟏𝒉)
-2

-1

k0 (s-1)

(µmol cm h )
10-2

1.49±0.05

2.210-4

10-3

0.053±0.002

7.710-5

10-4

0.006±0.003

8.710-5
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•

Stage 1b/2: This period in time is referred to as Stage 1b/2 (Stage 1b/Stage 2)
because corrosion progresses at different rates depending on the solution depths
across the metal surface, and the stage reached depends on the solution depth. The
perimeter of the droplet, where the solution is shallower, will progress to Stage 2
faster than the centre of the droplet. The total amount of dissolved metal continued
to increase approximately linearly with time. The rate of metal dissolution in this
stage had a very weak dependence on [HNO3]0. Eq. 7-4 shows that the rate of
dissolution has a logarithmic dependence with the square of [HNO3]0. It increased
by approximately a factor of 2 for one order of magnitude increase in [HNO3]0. The
duration of this stage is also shorter for higher [HNO3]0 (discussed in detail below).
The macroscopic dissolution rates for different [HNO3]0 for 𝑡𝑐𝑜𝑟𝑟 <5 h and
𝑡𝑐𝑜𝑟𝑟 > 5 h are presented in Table 7-2:
Rate  -k1  log ([HNO3]0)2

(Eq. 7-4)

Table 7-2: Dissolution rates and reaction constants for Fe dissolution in different
[HNO3]0. Data were obtained from Figure 7-3b and Figure 7-3d for different
corrosion durations (𝑨 = 𝟎. 𝟕𝟖𝟓 𝒄𝒎𝟐 ).
[HNO3]0

𝑹𝒂𝒕𝒆(𝒕𝒄𝒐𝒓𝒓<𝟓𝒉) (𝟏) 𝒌𝟏 (𝒕𝒄𝒐𝒓𝒓<𝟓𝒉) (𝟏)

𝑹𝒂𝒕𝒆(𝒕𝒄𝒐𝒓𝒓 >𝟓𝒉) (2)

𝒌𝟏 (𝒕

𝒄𝒐𝒓𝒓 >𝟓𝒉)

(𝟐)

(M)

(µmol cm-2 h-1)

(mol h-1)

(µmol cm-2 h-1)

(mol h-1)

10-2

0.22+0.02

0.04410-6

0.50±0.03

0.09810-6

10-3

0.14±0.03

0.01810-6

0.24±0.00

0.03110-6

10-4

0.08±0.02

0.00710-6

0.14±0.01

0.01410-6

(1) The rate and k1 for 10-2 M HNO3 were calculated for 15 min < 𝑡𝑐𝑜𝑟𝑟 < 5 h.
(2) The end of Stage 1b/2 was 𝑡𝑐𝑜𝑟𝑟 > 30 ℎ for 10-2 M HNO3, 𝑡𝑐𝑜𝑟𝑟 > 50 ℎ for
10-3 M HNO3 and 𝑡𝑐𝑜𝑟𝑟 > 72 ℎ for 10-4 M HNO3.
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•

Stage 2/3: The total amount of dissolved metal stopped increasing and fluctuated
around an average value that remained nearly constant with time. That is, no net
dissolution/precipitation was observed over large surface areas and over long
durations, but over shorter time scales, the overall process cycles from net dissolution
to net precipitation.
These dynamic stages were observed for CS corroding in solutions of the same

volume but containing different initial nitric acid concentrations. The nitric acid
concentration affected the duration rather than the nature of the dynamic stages, as will be
discussed later in Section 7-3-2.
7.3.1

Corrosion Progression in Small Volumes of 10-2 M Nitric Acid Solution
In 10-2 M HNO3, by 15 min the total amount of dissolved metal was increasing

approximately linearly with time. The slope of [Fe]𝑚𝑒𝑎𝑠 vs time was approximately
1.49 mol cm-2 h-1. Surface images are not available for this duration, but the surface
analysis after 1 h indicated that the surface remained almost free of oxide or hydroxide
until the subsequent stage. The high magnification optical and SEM images of the central
areas of the coupon corroded for 30 min clearly show that the surface of CS is highly
etched at this early time. The SEM images show the lamellar morphology of cementite layers
within the pearlite grains. The iron in the cementite phase is known to be strongly coordinated to
carbon and inert to oxidation. Thus, in the early stages of corrosion, iron dissolution will occur
preferentially at the active 𝛼-Fe phase regions. This preferential oxidative dissolution of ferrite
will leave cementite layers on the surfaces of the pearlite grains but smooth surfaces on the pure
𝛼-Fe grains [146].
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HNO3 affects the pH as well as the nitrate concentration. Thus, the change in pH
as well as in [NO3–] must be considered. In addition, the water droplet solutions are
exposed to air. For CS, the proton is also an effective oxidant. That is, there is more than
one oxidant present (H+, O2 and NO3–), and which one is dominant depends on their
concentrations as well as their standard redox activities. From previous work in our group
[11,17], we know that in this stage, the formation of Fe ions via oxidation is accompanied
by the production of OH– (or consumption of H+) by solution reduction reactions. The
oxidation of iron is followed by the transport of metal cations from the surface to the bulk
solution. In this stage, while a proportion of the iron ions are transported to the solution
phase, metal cations also accumulate near the surface. The rate of accumulation of cations
near the surface depends on the relative rates of oxidation and mass transport of ions,
which are not independent, and is also a function of solution parameters such as redox
potential of oxidants and their solubility. In the presence of oxygen and nitrate ions, the
interfacial metal charge transfer reaction and the possible reduction half reactions at the metal
surface are as follows:
Oxidation half-reaction:

Fe(m) → Fe2+ + 2 e−

Reduction half-reaction of oxygen: O2 + 4 H+ + 4 e– → 2 H2 O
Reduction half reaction of nitrate:

NO3− + 2 H+ + 2 e−→ NO2− + H2O

Reduction half reaction of hydrogen: 2 H+ + 2 e− → H2

(Eq. 7-5a)
(Eq. 7-5b)
(Eq. 7-5c)
(Eq. 7-5d)

Overall charge transfer reaction for oxidation via oxygen:
2 Fe(m) + O2 + 4 H+ → 2 Fe2+ + 2 H2 O

(Eq. 7-5e)
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Overall charge transfer reaction for oxidation via nitrate:
Fe(m) + NO3− +2 H+ → Fe2+ + NO2− + H2O

(Eq. 7-5f)

Overall charge transfer reaction for oxidation via H+ reduction:
Fe(m) + 2 H+→ Fe2+ + H2

(Eq. 7-5g)

where the subscript (m) denotes the solid metal.
The interfacial mass transfer reactions and the transport of solution oxidants to the surface
are as follows:
Mass transport of metal cations:

Fe2+|x=0→→ Fe2+|x=sol

(Eq. 7-6a)

Mass transport of oxygen:

O2|x=sol→→ O2|x=0

(Eq. 7-6b)

Mass transport of hydroxide ions: OH−|x=0→→ OH−|x=sol

(Eq. 7-6c)

Mass transport of nitrate ions:

NO3−x=sol→→ NO3−|x=0

(Eq. 7-6d)

Mass transport of nitrite ions:

NO2−|x=0→→ NO2−|x=sol

(Eq. 7-6e)

where x represents the distance of species from the surface, and “sol” denotes the solution phase.
After 1 h, and up to about 48 h, the rate of increase of [𝐹𝑒]𝑚𝑒𝑎𝑠 was linear and
was proportional to log ([HNO3]0)2. The second row image of the 2-h corroded surface in
Figure 7-4 shows an area with a thin hydrogel layer that was formed above cementite
bridges and collapsed during drying or some turbulence during corrosion. A hydrogel
consists of a semi-stationary phase of loosely-connected mixed hydroxide colloidal
particles and a mobile phase of the solution containing ferrous ions at a concentration
near saturation level. Hydrogel, composed of aggregates of colloids of mainly Fe(OH)2
(with Fe(OH)3 at an impurity level), forms a smooth layer in this stage. The smooth
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surface over a wide area indicates it is a hydrogel, and not granular/crystalline
oxide/hydroxide. Once the interfacial region is saturated with Fe2+ ions (by 2 h in 10-2 M
HNO3, see Figure 7-5), the formation of this Fe(OH)2 gel layer starts at the surface. The
formation of a viscous hydroxide layer (the greenish gel) through hydrolysis and
hydrogel formation occurs as follows:
Fe2+ + n OH− ⇌ Fe(OH)m2-m + (n-m) OH− where m = 1, 2, or 3

(Eq. 7-7a)

n Fe(OH)2 + m H2O ⇄ Fem(OH)2n(H2O)m(gel)

(Eq. 7-7b)

Transition metal ions easily form hydroxides, which are hygroscopic and grow in
colloidal forms and/or a hydrogel network [11,18–20]. This hydrogel network provides a
slow transport medium in which the oxidation/precipitation reactions and the solution
transport processes can be strongly coupled, resulting in feedback processes. The
formation of a hydrogel layer slows down the transport of metal ions from the
metal/solution interface to the bulk solution. In a study conducted by Shin [11],
concentric rings were observed in Stage 2 during corrosion of CS in a low ionic strength
solution. These bands of metal oxides, Shin [11] postulated, result from chemical waves
established as a result of chemical oscillation in a low ionic strength medium. The work
presented here confirms that these concentric rings occur only in low ionic strength
solutions (10-4 M HNO3 and 10-4 M H2O2), as discussed in detail in Section 7.2.2.
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Figure 7-5: pH-dependent solubility of FeII, FeIII at 25 °C [49].

From SEM images, it appears that the granular oxide growth (Stage 3) begins at
72 h. The 4th row image of 2-h corroded surfaces (Figure 7-4) shows that corrosion has
progressed to Stage 3. In the 3rd row image (Figure 7-4) the coupon surface is bluishgreen to greenish-yellow or brown, which indicates a thicker hydrogel and also higher
ferric content in the hydroxide hydrogel layer. The mixed FeII/FeIII hydroxides will slowly
convert to magnetite or FeOOH by Ostwald ripening [19–21]. The images of the 72-h
corroded surface show that mixed hydroxide in the hydrogel layer is slowly converting to
magnetite. It takes longer to see these magnetite crystals in octahedral shapes in a solution
of initial pH 2.0. Magnetite formation occurs in the beginning of Stage 3. Some oxide
deposits are present on top of the cementite and 𝛼-Fe grains. The following redox reactions
occur within the hydrogel layer in Stage 2.
Oxiation half-reaction of FeII: 2 Fe(OH)2 + 2 OH− ⟶ 2 Fe(OH)3 + 2 e− (Eq. 7-8a)
Reduction half-reaction of nitrate: NO3− + 2 H+ + 2 e− ⟶ NO2− + H2O

(Eq. 7-8b)

Reduction half-reaction of oxygen: O2 + 4 H+ + 4 e− ⟶ 2 H2O

(Eq. 7-8c)
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Overall charge transfer reaction with oxygen as oxidant:
4 Fe(OH)2 + O2 + 2 H2 O ⟶ 4 Fe(OH)3

(Eq. 7-8d)

Overall charge transfer reaction with nitrate as oxidant:
2 Fe(OH)2 + NO3− + H2O ⟶ 2 Fe(OH)3 + NO2−

(Eq. 7-8e)

Electron transfer between FeII and FeIII is faster in the hydrogel than in the
aqueous solution [40,149–151]. Thus, Eq. 7-8d occurs more rapidly once the hydrogel
has formed.
The iron oxide starts to form via the reactions below:
Magnetite Formation:
Fe(OH)2 + 2 Fe(OH)3 →→ Fe3O4 + 4 H2O

(Eq. 7-9a)

FeOOH Formation:
Fe(OH)3 →→ FeOOH + H2O

(Eq. 7-9b)

In small-volume solutions, when nitrate is consumed in the gel layer, the
[NO2−]:[NO3−] ratio becomes high enough for FeIII/FeII reduction to couple with the
oxidation of nitrite. Thus, in addition to Eq. 7-8, oxide formation can occur through the
iron reduction via oxidation of nitrite to nitrate (Eq. 7-10b) inside the gel layer. It
should be noted here that the coupling between the reduction half-reaction of FeIII to FeII
and the oxidation half-reaction of hydroxide ions to oxygen is not as effective as that
involving nitrite/nitrate due to the very high activation energy of oxidation of OH− to
O2. Thus, although [OH−] also increases with time in the interfacial region, it diffuses
out into the bulk solution rather than reducing ferric ion.
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In conclusion, when nitrate has been reduced to nitrite, and [NO2–] and [Fe3+] are
high enough for oxidation of nitrite to nitrate to be thermodynamically possible, FeIII to
FeII reduction can couple with NO2–/NO3– oxidation in the gel network. The
concentration of FeIII in the hydrogel in Stage 1/2b is low; thus, the rate of the
Fe(OH)3→Fe(OH)2 reduction half reaction (in the Fe(OH)3⇆Fe(OH)2 redox
reaction) in Stage 1/2b is far lower compared to the rate of oxidation of Fe→FeII. In
Stage 3, [FeIII] in the hydrogel layer is sufficient for its reduction reaction to FeII to
effectively couple with the oxidation of NO2− to NO3−. Hence, the elementary steps will
include both oxide crystal or particle growth (Eq. 7-9) and redox coupling reactions
(Eq. 7-10):
Redox coupling in the hydrogel network:
Red half-reaction of FeII: 2 Fe(OH)3 + 2 e− ⇆ 2 Fe(OH)2 + 2 OH−
Ox half-reaction of nitrite: NO2− + H2O ⇆ NO3− + 2 H+ + 2 e−

(Eq. 7-10a)
(Eq. 7-10b)

Overall charge transfer reaction with nitrite as reductant:
2 Fe(OH)3 + NO2− ⇆ 2 Fe(OH)2 + NO3− + H2O

(Eq. 7-10c)

Because the net oxidation of Fe2+/Fe(OH)2 to Fe3+/Fe(OH)3 is negligible in
Stage 3, [𝐹𝑒]𝑚𝑒𝑎𝑠 remains constant with time. Metal oxide growth (i.e., magnetite
and/or lepidocrocite) depends on the relative production rates of Fe2+/Fe(OH)2 and
Fe3+/Fe(OH)3. The net result is a hydroxide gel layer of constant thickness and
significant granular oxide growth.
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7.3.2

Effect of Initial Concentration of Nitric Acid on the Corrosion of CS in Small
Solutions
The rates of chemical and redox reactions in the interfacial region (Eq. 7-5)

depend on the concentration of both oxidants and the concentrations of FeII and FeIII
species in the interfacial region. Thus, the overall corrosion process is affected
significantly not only by the transport of oxidants from the bulk to the interfacial region,
but also the transport of metal cations from the interfacial region into the solution phase.
As mentioned earlier, corrosion in various concentrations of nitric acid followed the same
dynamic stages as observed for 10-2 M HNO3. The difference was that the duration of the
stages was different. This section discusses how the concentration of HNO3 affects the
dynamic stages of corrosion.
Corrosion of CS in a Droplet Solution Initially Containing 10-3 M HNO3
The [Fe]𝑚𝑒𝑎𝑠 vs time graph and optical images of corroded surfaces as a function
of 𝑡𝑐𝑜𝑟𝑟 in small solution volume droplets initially containing 10-3 M HNO3 are presented
in Figure 7-3. The main differences observed for corrosion of CS in 10-3 M HNO3, as
opposed to 10-2 M HNO3, are described below:
•

In Stage 0, during which the rate of [Fe]𝑚𝑒𝑎𝑠 increase was linear, the slope of
[Fe]𝑚𝑒𝑎𝑠 vs time was 10 times lower in 10-3 M HNO3 than in 10-2 M HNO3.

•

The duration of Stage 0 was longer (1 h) in 10-3 M HNO3 than in 10-2 M HNO3
(15 min).

•

In Stage 1b/2 (1 ℎ < 𝑡𝑐𝑜𝑟𝑟 <50 h), [Fe]𝑚𝑒𝑎𝑠 was generally lower in 10-3 M HNO3 than
in 10-2 M HNO3. However, similar to what was observed for 10-2 M HNO3, [Fe]𝑚𝑒𝑎𝑠
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increased linearly with time. The rate of increase of [Fe]𝑚𝑒𝑎𝑠 was almost 2 times lower
in 10-3 M HNO3 than in 10-2 M HNO3. Similar to what was observed for 10-2 M HNO3,
[Fe]𝑚𝑒𝑎𝑠 reached a maximum (by 48 h) and decreased after that.
•

Except for the formation of a darker ring at the edges of the coupon corroded in
10-3 M HNO3, the oxide was generally uniform across the entire surface, whereas
in 10-2 M HNO3, large circular rings formed.

•

Some locally corroded spots (small circular rings) were observed on the surface of the
coupon corroded in 10-3 M HNO3 during the first hour of corrosion, while the surface
was entirely covered with oxide at longer times.

•

The area near the edges was covered with a yellow-brown oxide/hydroxide after
15 min.
The main conclusion that can be drawn from these results is that the corrosion
pathways in solutions with 10-3 M and 10-2 M HNO3 are the same, and regardless of the
concentration of oxidant (i.e., the [HNO3]) and initial pH, corrosion progresses through
the same dynamic stages.
In Stage 0, the rate of increase of [Fe]𝑚𝑒𝑎𝑠 was 10 times lower than in 10-2 M
HNO3. In this stage, the rate of oxide/hydroxide formation is negligible, and the rate of
oxidation and dissolution are therefore almost the same. The oxidation rate in this stage
has a linear dependence on [HNO3]0.
At lower [HNO3]0 (i.e., 10-3 M compared to 10-2 M), the ionic strength of the
solution is lower. Fe2+, Fe3+, H+, NO3– and NO2– are all ionic species that contribute to the
ionic strength. Although one known effect of ionic strength is on the double layer
thickness (the square root of the ionic strength (√𝐼𝑠 ) is inversely proportional to double
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layer thickness (𝛿𝑑𝑙 ) [10,25–27]), its main effect is via its influence on the transport of
metal ions [28,29]. While a lower mass transport rate is expected in 10-3 M HNO3 than in
10-2 M HNO3, the rate of oxidation is 10 times lower in 10-3 M HNO3 solution. During
Stage 0, HNO3 is consumed, and Fe cations accumulate at the surface. In 10-3 M HNO3,
the mass transport of ions through a lower ionic strength solution and the rate of
oxidation are slow. The net result is that the time at which corrosion is under complete
mass transport control, due to the formation of a hydrogel, is longer than for solutions
with initial pH 2. The lower observed slope of [Fe]𝑚𝑒𝑎𝑠 vs time for Stage 1b/2 in 10-3 M
HNO3 (than in 10-2 M HNO3) can be explained based on the lower rate of mass transport
of ions in low ionic strength solutions. When a hydrogel is formed, the oxidation of Fe
metal to FeII occurs at the metal gel interface while FeII is oxidized to FeIII inside the gel
layer. The overall rate of corrosion is controlled by the rate at which FeII transfers from
the interfacial region to the solution phase. The lower mass transfer rate in 10-3 M HNO3
solution results in the lower rate of transport of FeII to the bulk solution and consequently
a dissolution rate 2 times smaller than in 10-2 M HNO3.
The other observation was the oxide ring at the surface edges. FeIII has very low
solubility compared to FeII (see Figure 7-5). The formation of FeIII hydroxide/oxide at
the edges of the coupon occurs because of rapid saturation of FeIII in the early stages of
corrosion, within a few minutes or earlier. The oxidation of Fe becomes slower due to the
formation of this diffusion barrier near the edges of the coupon. Thus, there will be less
FeII available to participate in magnetite formation at the edges of the coupon surface.
The FeIII oxide/hydroxide was loose and washed off and does not appear in images of the
surface.
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One interesting observation for 10-3 M HNO3 was the formation of the circular
oxide rings that disappear after 5 h corrosion (covered with oxide at longer times). The
formation of these rings will be discussed in detail when the 10-4 M HNO3 results are
discussed.
Depending on the steady-state concentration of FeII and FeIII and also on the
concentration of oxygen or other oxidants in the interfacial region, the oxidation rate of
FeII to FeIII will be different.
Corrosion of CS in Droplet Solutions Initially Containing 10-4 M HNO3
Figure 7-3 also shows the [Fe]𝑚𝑒𝑎𝑠 vs time and the optical images of surfaces
observed as a function of corrosion duration in 10-4 M HNO3. The surface of coupons
prior to collecting the water droplet and after collecting the water (and prior to drying) are
also shown in Figure 7-6 to discuss some oxides that may not have been observed under
optical microscopy.

Figure 7-6: The left image shows the coupon surface under the water droplet and the
right-side image shows the two-layer structure of oxides indicating growth of
magnetite at the -FeOOH/Fe metal interface – coupon surfaces corroded for 72 h in
10-3 M HNO3.

Based on the relative production rates of Fe2+/Fe(OH)2 and Fe3+/Fe(OH)3, metal
oxide grows preferentially as magnetite (black) and/or lepidocrocite (orange). It was
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observed that, in the top layer, Fe(OH)2 starts to convert into ferric hydroxide and FeOOH (the orange oxide). -FeOOH forms at the top and magnetite (the black oxide)
from FeII/FeIII lower down. This can be clearly seen in the optical images of the surface
corroded in 10-4 M HNO3. The results obtained in 10-4 M HNO3 will be discussed later.
The rate of mass transport of ions to the solution is low, and FeII is consumed in the gel
layer to form FeIII. The formation of -FeOOH from Fe(OH)3 is favoured at the top of the
gel layer, where the FeII:FeIII ratio is low. The formation of Fe3O4, which is a mixed
FeII/FeIII oxide, is predominant underneath the orange -FeOOH oxide where the FeII:FeIII
ratio is high.
The key observations in the corrosion of CS in 10-4 M HNO3 (initial pH 4.0) small
volume solutions are described below:
•

In Stage 0 (t < 1h), the maximum [Fe]𝑚𝑒𝑎𝑠 was very low (<0.008 µmol cm-2). These
values were  0.05 µmol cm-2 and  0.6 µmol cm-2 in 10-3 M HNO3 and 10-2 M HNO3,
respectively.

•

In Stage 0, the slope of [Fe]𝑚𝑒𝑎𝑠 vs time was 10 times lower in 10-4 M HNO3 than
in 10-3 M HNO3.

•

The duration of Stage 0 was 1 h (i.e., almost the same as observed in 10-3 M HNO3).

•

In Stage 1b/2 (1 ℎ < 𝑡𝑐𝑜𝑟𝑟 ), the [Fe]𝑚𝑒𝑎𝑠 was generally lower than in 10-2 M and 103

HNO3. Similar to what was observed for 10-2 M HNO3, [Fe]𝑚𝑒𝑎𝑠 increased linearly

with time. The rate of increase of [Fe]𝑚𝑒𝑎𝑠 was almost 2 times lower than in 10-3 M.
However, unlike what was observed for 10-2 and 10-3 M HNO3, [Fe]𝑚𝑒𝑎𝑠 did not
reach a maximum (by 72 h).
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•

By 15 min, yellowish-brown oxides had formed in Liesegang patterns. These patterns
were observed for 10-3 M HNO3, but the rings were not as clear and large as they
were for 10-4 M HNO3. These circular rings were found mostly on the central areas of
the surface rather than the edge areas.

•

By 1 h, the general colour of these circular rings had become darker brown.

•

With time, the circular rings merged and formed larger rings. By 2 h, the entire
surface was covered with a brown oxide, while a small hole at the centre of each of
these rings could still be clearly seen.

•

The areas near the edges were clean and shiny on the optical images. However, when
the droplet was on the coupon surface (before it was washed, as shown in the bottom
row in Figure 7-6), the outer part of the surface was covered with a thick yellow
oxide the entire time, even after 15 min.
The difference in corrosion progression between 10-4 M HNO3 and 10-3 M HNO3

is very similar to the differences observed between 10-3 M HNO3 and 10-2 M HNO3. The
decrease in ionic strength decreases the rate of diffusion of metal ions. The key
observation was that the slow-diffusion environment of 10-4 M HNO3, due to its low
ionic strength, provides the conditions for the formation of oxide patches in the shape of
Liesegang rings. Additional high-resolution optical images of surface circular features
presented in Figure 7-7 show the progression of the Liesegang rings with corrosion time.
The formation of concentric ring patterns such as these is a well-known phenomenon in
geology [21,30]. Liesegang rings are formed when dissolved species continuously
diffuse through a slow transport medium such as gel or porous rock, causing solid
products to periodically precipitate and re-dissolve. In CS corrosion, this phenomenon
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arises from systemic feedback between the chemical reactions and transport processes of
Fe2+(aq) and OH– ions in solution. Depending on the relative metal oxidation and ion
transport rates, the oxide particles can grow and aggregate in Liesegang patterns 11,31–
34].

Figure 7-7: High magnification optical images of CS surfaces corroded for different
durations in 10-4 M HNO3 solution, showing the evolution of concentric rings.

As shown in Figure 7-8, the oxidation of iron occurred randomly across the
surface. Not all circular features were examined. However, from the study of several
sites, MnS inclusion sites were defined as one of the preferential sites of formation for
these rings [35,36]. Note that, although MnS sites can act as favoured oxidation sites, the
formation of Liesegang ring can also occur independently of these inclusions. In 10-4 M
HNO3, relatively large concentric rings form on the CS surface. The colour of the
surface adjacent to the preferentially dissolved areas was orange, and small needle-like
particles were present mostly around the centre of the rings. Oxide wave propagation in
the radial direction far beyond the dissolved area around the inclusion site, in perfect
circular shapes and not in the shape of the MnS grain, further support that the oxide
growth patterns are not due to metallurgical structure patterns or through solid-state
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diffusion of metal cations.

Figure 7-8: High magnification optical images and SEM images of CS surfaces
corroded in 10-4 M HNO3 small volume solutions for different durations, showing the
MnS inclusion at the centre of Liesegang rings on CS surfaces. The bottom row
(30 min corrosion) shows the SEM image and EDS elemental mappings of an MnS
inclusion at the centre of one of the newly developed circular features.
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Further surface analysis to identify the oxides on the surface
The Raman spectra of oxides at different surface locations (Figure 7-9) indicate
that the black and yellow oxides are magnetite and lepidocrocite, respectively. The
Raman spectrum of the orange area in the central region shows four major peaks at 250,
380, and 530, and 650 cm–1 corresponding to the four main peaks of -FeOOH
(lepidocrocite), whereas the spectrum of the area near the edges (Area 2) shows no iron
oxide peaks. In the optical micrographs, no oxide was observed at the edges of the
samples. However, when studying the microstructure of the surface oxides, it is
important to consider what oxides were present under the droplet prior to collecting the
water and drying the coupon surface. Optical images taken from the sample under the
droplet (see Figure 7-6) show that an orange oxide is present near the edges, but it was
very loose and washed off into the solution when the sample was rinsed with water. The
Raman results showed that, after 5 h, most of the surface is covered with magnetite. The
remaining yellow oxides (Area 3) were -FeOOH. The optical image of the sample under
the droplet after 72 h shows that the whole sample is covered with a mixture of orange
oxide (-FeOOH) and black oxide (Fe3O4). The Raman spectrum of the black oxide on
the outer ring of the coupon (Area 6) and the brown oxides (the central area, Area 7)
indicates the presence of both magnetite and maghemite in addition to lepidocrocite.
However, since the main Raman peak for magnetite (Fe3O4), is located at a wavenumber
close to the major peaks of maghemite, and has a low Raman scattering probability, the
presence of magnetite in these areas could not be confirmed using Raman spectroscopy.
It is should be noted that Raman spectroscopy was performed on all samples, and
no nitrate-containing complexes were found on the coupon surfaces for the conditions
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studied in this chapter.

Figure 7-9: Optical and Raman spectra of oxides formed on CS surfaces corroded for
different durations in solutions initially containing 10-4 M H2O2. The Raman spectra
of Fe3O4, -Fe2O3, and -FeOOH powder samples are shown for reference.

7.3.3

Corrosion of CS vs Pure Iron in Small Volume Nitric Acid Solutions
Figure 7-10 compares the corrosion evolution of pure iron and CS in small

volume 10-2 M HNO3 solutions.
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Figure 7-10: Optical images of surfaces and dissolved iron ([Fe]𝒎𝒆𝒂𝒔 ) obtained as a
function of corrosion duration for corrosion of CS and pure iron in a 150 L solution
initially containing 10-4 M H2O2, a) log [Fe]𝒎𝒆𝒂𝒔 vs tcorr, b) [Fe]𝒎𝒆𝒂𝒔 vs tcorr, and c)
[Fe]𝒎𝒆𝒂𝒔 within first 5 h of corrosion.
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The oxide pattern on the surface of pure iron is very similar to that observed for
CS. In addition, the amount of dissolved iron at a given time was similar. The results
show that regardless of microstructural differences (such as the presence of inclusions)
and differences in metal composition (pure metal vs. a solid solution of iron and alloying
elements) corrosion of both metals progresses in the same way in solutions with high
ionic strength.

7.3.4

Corrosion of CS in Small Volume H2O2 Solutions
Figure 7-11 shows the [Fe]𝑚𝑒𝑎𝑠 and the optical images of CS surfaces as a

function of corrosion duration in small volume (150 µL) 10 -4 M H2 O2 solutions.
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Figure 7-11: Optical images of surfaces and dissolved iron ([Fe]𝒎𝒆𝒂𝒔 ) obtained as a
function of corrosion duration for CS corrosion in 150 µL initially containing 10-4 M
H2O2, a) log [Fe]𝒎𝒆𝒂𝒔 vs tcorr, b) [Fe]𝒎𝒆𝒂𝒔 vs tcorr, c and d)[Fe]𝒎𝒆𝒂𝒔 within first 5 h of
corrosion in different scales.

•

In Stage 0 (𝑡𝑐𝑜𝑟𝑟 < 1 h), the slope of [Fe]𝑚𝑒𝑎𝑠 vs time was 0.05 mol cm-2 which is
similar to that observed in 10-3 M HNO3.

•

The duration of Stage 0 was ~1 h (i.e., almost the same as was observed in 10-3 M
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HNO3).
•

In Stage 1b/2 (1 ℎ < 𝑡𝑐𝑜𝑟𝑟 ), the [Fe]𝑚𝑒𝑎𝑠 was generally lower than in 10-2 M and
10-3 M HNO3. [Fe]𝑚𝑒𝑎𝑠 increased linearly with time, similar to what was observed for
10-4 M HNO3. The rate of increase of [Fe]𝑚𝑒𝑎𝑠 was almost 2 times lower than in
10-3 M HNO3. [Fe]𝑚𝑒𝑎𝑠 did not reach a maximum (by 72 h), similar to what was
observed for 10-4 M HNO3.
•

In H2O2 solution, the evolution of oxide formation with time is very similar to that
in 10-4 M HNO3, except that the oxide coverage is less extensive in H2O2 solution.
Hydrogen peroxide can act as both an oxidizing and a reducing reagent. For H2O2,

the redox half-reaction is:
H2O2 + 2 e– ⇆ 2 OH–

(Eq. 7-11)

Initially, the oxidation rate is high, and the hydrolyzed Fe2+ and Fe3+ are rapidly
converted into solid mixed FeII/FeIII oxides, which facilitates the solvent-mediated
conversion of hydroxides to oxides so that conversion of hydrolyzed Fe species into solid
oxides is fast enough to progress to Stage 1b/2 by 1 h. After 1 h, corrosion continues in
Stage 1b/2 and [𝐹𝑒]𝑚𝑒𝑎𝑠 increases with 𝑡𝑐𝑜𝑟𝑟 with the same slope as observed for 10-4 M
HNO3. Although hydrogen peroxide is known to be a stronger oxidant than dissolved
oxygen [13], and can accelerate the oxidation of Fe to FeII, it can also serve as a
reductant, depending on the nature of the corroding surface [5,37]. It can therefore
establish a catalytic cycle between different redox reactions. The iron redox half-reaction
is also reversible. The oxidation of hydrogen peroxide to oxygen on the surface of solid
FeIII or FeII oxide is coupled with the kinetically reversible conversion between FeII and
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FeIII on Fe3O4 [5,37,38]. The redox reactions (redox coupling) in Stage 1b/2 (Eq. 7-12a
to 7-12c) are as follows:
Red half-reaction: 2 Fe(OH)3 + 2 e– → 2 Fe(OH)2 + 2 OH–

(Eq. 7-12a)

Ox half-reaction: H2O2 → O2 + 2 H+ + 2 e–

(Eq. 7-12b)

Overall reaction: 2 Fe(OH)3 + H2O2 → 2 Fe(OH)2 + O2 + 2 H2O

(Eq. 7-12c)

Magnetite formation occurs via Eq. 7-12.
Magnetite Formation: Fe(OH)2 + 2 Fe(OH)3 ®® Fe3O4 + 4 H2O

(Eq. 7-13)

In summary, the surface and [Fe]𝑚𝑒𝑎𝑠 analysis revealed similar dynamic stages to those
of HNO3. The rates of reactions in the presence of 10-4 M H2O2 were mostly similar to
those observed with 10-3 M HNO3. Similar rates in the presence of lower hydrogen
peroxide concentration is consistent with the greater oxidation power of H2O2 than that of
HNO3.

7.4

SUMMARY
In this chapter the effects of HNO3 and H2O2 on the evolution of CS corrosion

were investigated. The CS corrosion dynamics were studied in small solutions (solution
droplets) by analyzing the average bulk concentrations of dissolved iron and the
morphology of the corroded surface as a function of corrosion time. HNO3 and H2O2
were investigated because they are water and humid air radiolysis products in the
presence of ionizing radiation and participate in the corrosion process. CS corrosion
progresses through the same dynamic stages, for both HNO3 and H2O2. Stage 0 involves
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the oxidation of Fe to solvated Fe2+(aq) in the interfacial region, followed by transport of
Fe2+(aq) to the bulk solution. Once the surface solubility limit is reached, the FeII in the
interfacial region precipitates as Fe(OH)2 hydrogel on the surface. In Stage 1b/2 electron
hopping between FeII and FeIII is faster in the hydrogel network, resulting in faster
oxidation. The nitrate concentration affects the rate of progression through individual
stages and the overall corrosion rates in individual stages. The linear dependence of
reaction rate on the concentration of [HNO3]0 implies that a first-order reaction occurs in
Stage 0. The duration of this stage is shorter in solution with higher [HNO3]0 due to a
higher oxidation rate and a higher mass transfer rate, resulting in faster saturation of FeII
in the interfacial region. In Stage 1b/2, the corrosion rate was proportional to
log [HNO3]0. In this stage, particularly in solutions of higher [HNO3]0, the distribution of
oxides/hydroxides is not uniform across the coupon surface and depends on the solution
thickness, which is not uniform because of the dome shape of the solution droplet. The
area exposed to the shallower solution approaches subsequent stages faster.
The time-dependent behaviours of CS corrosion in 10-4 M H2O2 were similar to
those observed in HNO3 solutions. For 10-4 M hydrogen peroxide, the rate of Stage 0 was
10 times larger than for 10-4 M HNO3, indicating that hydrogen peroxide is a more
effective oxidant than 10-4 HNO3 for iron oxidation when the surface is not saturated with
iron. However, in Stage 1b/2, hydrogen peroxide acts as an oxidant for the oxidation of
FeII to FeIII, while also acting as a reductant, participating in oxide formation through the
reduction of FeIII to FeII in a low ionic strength solution.
The evolution of the surface and solution with time for pure iron in 10-2 M HNO3
showed that regardless of microstructural differences and differences in metal
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composition, corrosion of both metals progresses in the same way in solutions of high
ionic strength. This implies that, in high ionic strength, the effect of microstructure on
corrosion of CS is negligible.
This chapter has demonstrated the dynamic stages of CS corrosion in the presence
of chemically added HNO3 and H2O2. These two oxidants are the main products of humid
air radiolysis. The presented results and the dynamic stages identified will be used in
interpreting CS corrosion in small volume solutions in the presence of radiation in
Chapter 8.

7.5
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8 CHAPTER 8
GAMMA RADIATION-INFLUENCED CORROSION OF
CARBON STEEL AND STAINLESS STEEL

8.1

INTRODUCTION
As nuclear power plants age, assessment of the integrity of their structural

materials becomes increasingly important. In CANDU reactors, the annular air gap
around the periphery of the calandria tank assembly and its supporting structures is a
possible location for corrosion. The shield tank materials (carbon steel) and end shield
(304L stainless steel) are welded to each other using 309 stainless steel as the filler
material. This dissimilar metal joint will be exposed to a continuous flux of -radiation
and, potentially, small volumes of stagnant water or humid air.
Corrosion rates of metal alloys are controlled by the concentrations of redoxactive species in the solution. Gamma-radiolysis of water and humid air results in redoxactive species such as H2O2 and HNO3, respectively. The concentrations of these redox-
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active species affect the corrosion rates of metals. Because these radiolysis products can
affect the corrosion kinetics, it is important to understand the corrosion performance of
structural materials in the presence of -radiation. Radiolysis of humid air produces nitric
acid, which is easily absorbed by water in contact with the humid air and lowers its pH
[1] (See Figure 8-1).

Figure 8-1: Humid air and water radiolysis products.

Nitric acid is a powerful oxidant [2]. It is one of the main humid air radiolysis
products continuously produced under -radiation, and makes the solution system
complex [3,4]. Not only can the continuous introduction of nitric acid into solution affect
the metal solution redox reactions, but it also changes the solution pH, and consequently
metal solubility [5]. Nitrate ions also complex with Fe3+, which further affects Fe3+
solubility and hinders production of protective Fe3+ oxides [2].
The kinetics of water radiolysis have been well studied under a wide range of
solution conditions using radiolysis kinetics modelling and experiments [4,6–11]. A
humid-air radiolysis model (HARM) has been developed and used to calculate timedependent concentrations of radiolysis products [1,4]. These calculations were performed
as a function of temperature, relative humidity in air and radiation dose rate. The model
calculation results show that HNO3 is the dominant oxidizing species formed during
humid air radiolysis. These results were analyzed by R.P. Morco [1,4] to formulate the
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overall radiolytic production rate of nitric acid that may be absorbed in the water in
contact with the supporting structure steels. There has also been extensive research on the
corrosion of carbon steel and stainless steels in the presence of -radiation [12–19].
The corrosion kinetics of an alloy depend not only on the metallurgical properties
of the metal, but also on the solution redox and electrolyte properties, including the
concentrations of redox active species present, pH and temperature. Therefore, in order to
understand the performance of these metals in nuclear environments it is essential to
understand the effect of water radiolysis on their corrosion kinetics.
The effect of chemically added nitric acid (HNO3), as the main oxidant produced
in humid air and hydrogen peroxide (H2O2), as the main product of water radiolysis, were
studied in Chapters 4-7 of this thesis. This chapter studies the effect of a continuous flux
of -radiation on the corrosion of CS and SS under small solution droplets and in humid
air environments. The first section of this chapter discusses the evolution of CS corrosion
under a water droplet in the presence and absence of -radiation. To understand the effect
of -radiation in different environments, the surface evolution was studied using an
optical microscope and the amount of dissolved iron was measured as a function of time.
The cover gases studied in this section were hydrocarbon-free (HC-free) air (21%
oxygen + 79% nitrogen), 21% oxygen + 79% argon, and pure argon. The second section
of this chapter discusses the results of the investigation on the effect of cover gas
composition on the radiation-influenced humid air corrosion of CS, and SS.
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8.2
8.2.1

EXPERIMENTAL PROCEDURES
Procedure for Corrosion Studies in Small Volume Solutions
Time-dependent droplet studies were performed in the presence and absence of -

radiation. In the experiments presented in the first section of this chapter, the coupon
material was carbon steel and the test solution used was pure water. Each coupon was
placed in its own separate vial and the vial was sealed using an aluminum crimp cap fitted
with a PTFE silicon septum (Agilent Technologies). Then, vials containing the coupons
and those containing the solution were all purged with the cover gas being used for
30 min. Finally, using a syringe, a 150 µL drop of the test solution was placed on the surface
of the coupon in the test vial. The water droplets spread right to the edges of the coupons,
forming dome shapes, as shown in Figure 8-2.

Figure 8-2: Experimental set-up for droplet studies in the presence and absence of radiation.
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After the test period, the vials were uncapped, and the coupon surfaces were
washed with 6 mL of NANOpure water to collect all the solution and any loose particles
on the surface. The coupon surfaces were dried under vacuum to ensure the adhered
oxide layer was not removed during drying, which would occur under Ar gas drying. The
coupons were then stored in a desiccator under vacuum to await surface analysis.
One set of experiments was performed under -radiation. Radiation experiments
were performed in a
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Co gamma cell irradiator (220 Excel, MDS Nordion). The

absorbed radiation dose rate in the irradiation chamber during the experiments was
2.8 kGyh-1, where 1 Gy = 1 J absorbed per kg of water. All vials were irradiated in a
custom-made circular sample holder to assure that all coupons received the same dose
rate during the exposure time.
8.2.2

Procedure for Humid Air Exposure Tests
A carbon steel-stainless steel weld joint block was provided by Ontario Power

Generation. A rectangular (10 mm by 5 mm) coupon was cut from the carbon steel CS/W
joint, as shown in Figure 8-3. The elemental compositions of CS, 304L SS (SS), and
309 SS (W) are shown in Table 6-1.

Figure 8-3: The carbon steel-stainless steel weld joint block provided by Ontario
Power Generation, and the location from which the coupon was cut.
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Table 8-1: Elemental composition of various steels presented in Figure 8-3.
Material

Cr (wt.%)

Ni (wt.%)

Fe (wt.%)

Carbon Steel A36 (CS)

0.16

0.23

98

Weld Metal Stainless Steel 309 (W)

24

14

60

Stainless Steel 304L (SS)

19

8

71

The humid air experiments were performed only under -radiation. A separate vial
was used for each coupon. Each coupon was placed in a vial and water was added. The
set-up for the test coupon (Figure 8-4) shows that the coupons are not immersed and are
exposed only to the humid air contained within the vial. Each vial was sealed using an
aluminum crimp cap fitted with a PTFE silicon septum (Agilent Technologies), and then
purged with the cover gas. The temperature in the gamma cell naturally rose to 50 C,
which provided the conditions required for the 100% humidity during the exposure
period.

Figure 8-4: Experimental set-up for humid air corrosion under -radiation.
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The procedure for the experiments in the gamma cell was the same as for the
droplet studies, as described in section 8.2.1.
8.2.3

Irradiation
All radiation exposure tests were performed using a
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Co gamma cell irradiator

(220 Excel, MDS Nordion). The absorbed radiation dose rate in the irradiation chamber
during the experiments was 2.8 kGy h-1, where 1 Gy = 1 J absorbed per kg of water. The
individual vials containing the CS coupons were placed in a circular sample holder to
ensure that all samples received the same dose during the exposure time.
8.2.4

Post-Test Analysis
After each test, the solution was collected and transferred to a glass vial. After

reaching room temperature the pH of the solution was measured and the concentration of
dissolved Fe ions (including dissolved species and solid oxide particles dispersed in the
solution, was determined by ICP-OES. The metal coupon was removed, washed with
Type 1 water, and dried with argon gas. The surface morphology and composition of
oxides on the coupons were then investigated by optical and scanning electron
microscopy (SEM), and X-ray spectroscopy (EDX). The optical microscope used was a
Leica DVM 6A digital microscope and high-resolution images were obtained using a
LEO 1540XB field emission SEM.
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8.3

RESULTS AND DISCUSSION
The first section of the results and discussion deals with CS corrosion studies in

small volume solutions in the presence and absence of radiation and under different cover
gases, and the second section presents the results of humid air corrosion of the CS-W
joints under different cover gases in the presence of -radiation.
8.3.1

Corrosion Studies in Small Volume Solutions

8.3.1.1 Effect of -Radiation on Corrosion of CS in Small Water Volumes under Ar
The evolution of the CS surface as function of 𝑡𝑐𝑜𝑟𝑟 during the corrosion of CS in
a 150 l pure water droplet under Ar, in the presence and absence of -radiation, is
presented in Figure 8-5.
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Figure 8-5: Evolution of the surface and [𝑭𝒆]𝒎𝒆𝒂𝒔 vs 𝒕𝒄𝒐𝒓𝒓 for CS corroded under a
150 µL pure water droplet in the presence (“Rad”) and absence (“no-Rad”) of radiation. The cover gas was Ar.

Corrosion Progression in the Absence of -Radiation
In the absence of -radiation, [𝐹𝑒]𝑚𝑒𝑎𝑠 fluctuated with 𝑡𝑐𝑜𝑟𝑟 in the earlier periods
of corrosion (before 7 d) and increased to higher values afterward. The CS surface was
covered with a very thin black oxide after 1 d, with the coupon edge areas appearing
darker than the central area. It should be noted that the droplet does not have uniform
thickness across the coupon surface. As discussed later, corrosion progression to
advanced stages is faster for smaller solution depths. Thus, it should be noted here that
the stages described in this chapter are considered the dynamic stages for the central area
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of the coupon surface, and do not correspond to the coupon edge progression. The
difference in corrosion progression for the coupon edge areas will be explained later for
the cases where significant differences were observed.
The appearance of the double layer oxide observed at longer times of exposure
suggests that it consists of a -FeOOH outer layer, and a magnetite sublayer. This double
layer is shown for coupons surfaces corroded for 7 d under droplets, in the absence of radiation.

Figure 8-6: Optical microscope images of a CS surface corroded under a 150 µL
pure water droplet in the absence of -radiation for 7 d, showing the top layer and
underlying oxides. The cover gas was Ar.

The type of surface oxides remained the same and the surface remained covered
with oxide for at least 240 h, which was the longest exposure time in this study.
Quantifying the thickness of magnetite, which was underneath the -FeOOH, was not
performed. However, the optical microscopy of the corroded samples suggested that the
magnetite oxide became thicker with 𝑡𝑐𝑜𝑟𝑟 .
The edge areas of the surface were covered mostly with Fe(OH)3 during the tests.
This hydroxide was loose (see Figure 8-6) and was washed off in some cases, such as for
the 2 d, 5 d, and 7 d coupons; thus, they are not observed in the optical microscopy
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images of the surfaces. The explanation for the preferential formation of FeIII at the edge
areas of coupons due to the early supersaturation of the shallower solution is presented in
detail in Chapter 7.
As explained in Chapter 7, In Stage 1, in the absence of oxygen, the interfacial charge
transfer reactions at the metal surface are as follows:

Oxidation half-reaction:

Fe(m) → Fe2+ + 2 e−

Reduction half-reaction of water: 2 H2 O + 2 e– → H2 + 2 OH–

(Eq. 8-1a)
(Eq. 8-1b)

Overall charge transfer reaction:
Fe(m) + 2 H2 O → Fe2+ + 2 OH–+ H2

(Eq. 8-1c)

where the subscript (m) denotes the solid metal.
The interfacial mass transfer reactions and the transport of solution oxidants to the surface are as
follows:
Mass transport of metal cations:

Fe2+|x=0→→ Fe2+|x=sol

(Eq. 8-2a)

Mass transport of OH–:

OH–|x=sol→→ OH–|x=0

(Eq. 8-2b)

Once the interfacial region is saturated with Fe2+ ions, a viscous Fe(OH)2 hydroxide layer
starts to form at the surface. The corrosion of CS in a small droplet of pure water has
progressed to Stage 2 after 1 d. While reactions Eq. 8-1 and Eq. 8-2 continue to occur,
hydrogel formation occurs as follows:
Fe2+ + n OH− ⇌ Fe(OH)m2-m + (n-m) OH− where m = 1, 2, or 3

(Eq. 8-3a)

n Fe(OH)2 + m H2O ⇄ Fem(OH)2n(H2O)m(gel)

(Eq. 8-3b)
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The formation of a hydrogel layer slows down the transport of metal ions from the
metal/solution interface to the bulk solution. Electron transfer between FeII and FeIII is
faster in the hydrogel than in an aqueous solution [40]. Thus, Eq. 8-4c occurs more
rapidly once the hydrogel has formed. The following redox reactions occur within the
hydrogel layer in Stage 2.
Ox half-reaction of FeII: 2 Fe(OH)2 + 2 OH− ⟶ 2 Fe(OH)3 + 2 e−

(Eq. 8-4a)

Red half-reaction of water: 2 H2O + 2 e− ⟶ 2 OH− + H2

(Eq. 8-4b)

Overall charge transfer reaction with water as oxidant:
2 Fe(OH)2 + 2 H2 O ⟶ 2 Fe(OH)3 + H2

(Eq. 8-4c)

Ferrous ions are continuously produced by metal oxidation but also consumed
continuously by hydrolysis reactions and Fe(OH)2 precipitation. Because the Fe ions that
are being produced are consumed to grow the gel layer, the net production rate of Fe2+ is
negligible.
The corrosion of CS in small volume solutions under Ar progressed to Stage 3 by
5 d. In Stage 3, reactions (Eq. 8-1) to (Eq. 8-4) occur and iron oxides start to form via the
reactions below (Eq. 8-5):
Magnetite formation: Fe(OH)2 + 2 Fe(OH)3 →→ Fe3O4 + 4 H2O

(Eq. 8-5a)

-FeOOH formation: Fe(OH)3 →→ FeOOH + H2O

(Eq. 8-5b)

Depending on the steady-state concentrations of FeII and FeIII and also on the
concentration of oxygen or other oxidants in the interfacial region, the oxidation rate of
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FeII to FeIII will be different. In Stage 3, the rate of oxide formation inside the gel layer is
equal to the rate of oxidation and the rate of [𝐹𝑒]𝑚𝑒𝑎𝑠 increase is almost zero. Based on
the relative production rates of Fe2+/Fe(OH)2 and Fe3+/Fe(OH)3, metal oxide grows
preferentially as magnetite (black) and/or lepidocrocite (orange). It was observed (see
Figure 8-6) that in the top layer, Fe(OH)2 starts to convert into ferric hydroxide and FeOOH (the orange oxide). The formation of magnetite from FeII/FeIII (the black oxide)
occurred between the CS surface and the outer solution/oxide interface where -FeOOH
formed. The formation of -FeOOH from Fe(OH)3 is favoured at the top of the gel layer,
where the FeII:FeIII ratio is low. The formation of Fe3O4, which is a FeII/FeIII oxide is
predominant below where the orange -FeOOH oxide forms, where the FeII:FeIII ratio is
high. The total [𝐹𝑒]𝑚𝑒𝑎𝑠 increased almost linearly until 124 h. Once it had reached its
maximum, the total [𝐹𝑒]𝑚𝑒𝑎𝑠 fluctuated around a constant value.
Corrosion Progression in the Presence of -Radiation
The hydrogen peroxide redox half-reaction in the presence of radiation (and
therefore continuous replenishment of H2O2) is:
H2O2 + 2 e– ⇆ 2 OH–

(Eq. 8-6)

Shin [5] showed that under -radiation, [H2O2] reaches a steady-state concentration of
~210-4 M in 6 h with a dose rate of 2.5 kGy h-1. The fast rate of iron oxidation is initially
provided by the high concentration of H2O2. The fast rate of iron oxidation provides the
conditions for saturation of FeII. The hydrolyzed Fe2+ and Fe3+ are rapidly converted into
mixed solid FeII/FeIII oxides. The magnetite that forms in the presence of -radiation is
uniform and is adhered to the surface. Hydrogen peroxide can act as both an oxidizing
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[14] and a reducing reagent, depending on the nature of the corroding surface [10,20] and
it facilitates the solvent-mediated conversion of FeII hydroxides to FeII/FeIII or FeIII oxides
so that the conversion of hydrolyzed Fe species into solid oxides is fast enough to
progress to Stage 3 by <1 d. After 1 d, corrosion continues in Stage 3 and [𝐹𝑒]𝑚𝑒𝑎𝑠
increases with 𝑡𝑐𝑜𝑟𝑟 with the same slope as observed in the absence of radiation.
Because hydrogen peroxide can act both as an oxidizing and as a reducing agent,
a catalytic cycle between different redox reactions can be established. The iron redox
half-reaction is also reversible. The oxidation of hydrogen peroxide to oxygen on the
surface of solid FeIII or FeII oxide can couple with the kinetically reversible conversion
between FeII and FeIII on Fe3O4 [10,20,21].
The redox reactions (redox coupling) in Stage 3 (Eq. 8-7a to 8-7c) are as follows:
Red half-reaction: 2 Fe(OH)3 + 2 e– → 2 Fe(OH)2 + 2 OH–

(Eq. 8-7a)

Ox half-reaction: H2O2 → O2 + 2 H+ + 2 e–

(Eq. 8-7b)

Overall reaction: 2 Fe(OH)3 + H2O2 → 2 Fe(OH)2 + O2 + 2 H2O

(Eq. 8-7c)

Magnetite formation occurs via Eq. 8-8.
Magnetite Formation: Fe(OH)2 + 2 Fe(OH)3 ®® Fe3O4 + 4 H2O

(Eq. 8-8)

The evolution of the magnetite oxide layer during corrosion in the presence and
absence of -radiation is presented in Figure 8-7.
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Figure 8-7: The evolution of the magnetite oxide layer during corrosion under a
150 µL pure water droplet under Ar, in the presence and absence of -radiation.

Although in the presence of -radiation corrosion has progressed to Stage 3 in less
than 1 d, the formation of a uniform magnetite layer in the early stages of corrosion
results in more uniform progression of oxide formation and a more uniform magnetite
oxide in later times in Stage 3 where redox coupling is less effective (less FeIII is
available to participate in FeII ⇆ FeIII reduction).
The surfaces corroded under -radiation were covered with orange -FeOOH
while FeIII was converted to FeII oxide underneath the -FeOOH layer. The magnetite
oxide layer thickens in both the presence and absence of -radiation. However, it
increases more rapidly under radiation, where there is continuous production of H2O2.
The continuous generation of hydrogen peroxide continues to oxidize Fe to FeII and
FeII/Fe3O4 to FeIII/FeOOH, resulting in the continuous formation of FeOOH on top and
Fe3O4 underneath the FeOOH.
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Under -radiation, magnetite formed at the coupon edge areas, where it was
covered with FeIII oxide. This was different from the observation in non-irradiated
conditions, where the surface underneath FeIII oxide at the edges was magnetite free.
Early deposition of FeIII oxide at the irradiated coupon edge areas also occurs in the
presence of -radiation, just like in its absence. However, the formation of magnetite
under the FeIII hydroxide via redox coupling between FeIII/FeII and H2O2/O2 is possible
under radiation, which can increase the rate at which magnetite forms under the FeOOH
layer.
In summary, it was observed that the progression of CS corrosion in pure water
under -radiation is more influenced by the early formation of FeIII cations and redox
coupling between FeIII/FeII and H2O2/O2, which facilitate the formation of magnetite and
results in a faster progression to Stage 3 than that observed without radiation.
8.3.1.2 Effect of Cover Gas on the Corrosion Behaviour of CS in Small Volume
Solutions in the Absence of -Radiation
The evolution of the surface and [𝐹𝑒]𝑚𝑒𝑎𝑠 as a function of 𝑡𝑐𝑜𝑟𝑟 during the
corrosion of CS under a small water droplet (150 L), in the presence of different cover
gases and in the absence and presence of -radiation, are presented in Figure 8-8.
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Figure 8-8: The evolution of the surfaces and [𝑭𝒆]𝒎𝒆𝒂𝒔 vs 𝒕𝒄𝒐𝒓𝒓 for CS corroded
under a 150 µL pure water droplet under Ar, HC-free air, and 21% oxygen balance
Ar gas in the presence and absence of -radiation.
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The key observations on the effect of different cover gases on the corrosion
progression of CS in a 150 µL pure water droplet in the absence of -radiation (shown in
Figure 8-8) are as follows:
•

Under all cover gases, the evolution of oxide formation and [𝐹𝑒]𝑚𝑒𝑎𝑠 vs 𝑡𝑐𝑜𝑟𝑟 was
very similar.

•

At 5 d, [𝐹𝑒]𝑚𝑒𝑎𝑠 obtained under HC-free air was slightly lower than under Ar and
21% O2+Ar.

•

[𝐹𝑒]𝑚𝑒𝑎𝑠 vs 𝑡𝑐𝑜𝑟𝑟 became almost constant with 𝑡𝑐𝑜𝑟𝑟 after 5 d immersion, and slightly
decreased (after 7 d) prior to the subsequent sharp increase at 10 d.

•

After 1 d corrosion under Ar, the oxide was significantly thinner than for other cover
gasses. Under cover gases containing O2, the surface was locally covered with FeOOH and Fe3O4.

•

After 72 h, because of the significant variation in surface oxide (formation of a nonuniform oxide) and because the surface oxide becomes loose with time, no accurate
comparison of the evolution of the surface oxide can be drawn.

•

In all cover gases, Fe3O4 formed at the metal surface and -FeOOH formed on top of
the Fe3O4 oxide layer.
The results of experiments under different cover gases indicate that the presence of

oxygen results in earlier progression of corrosion to Stage 3. The oxidation of Fe to FeII
can be accelerated by the oxygen reduction reaction in the presence of oxygen (reaction
Eq. 8-9). As we have seen, Stage 2 has already been reached after 1 d corrosion under
oxygen and HC free air.
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Reduction half-reaction of oxygen: O2 + 2 H2 O + 4 e– → 4 OH–

(Eq. 8-9a)

Overall reaction:
2 Fe(m)+ O2 + 2 H2O → 2 Fe2+ + 4 OH–

(Eq. 8.9-b)

The results also showed that oxygen and nitrogen have negligible effects on the
corrosion dynamics during Stage 3.
8.1.1.1 Effect of Cover Gas on the Corrosion Behaviour of CS in Small Volume
Solutions in the Presence of -Radiation
[𝐹𝑒]𝑚𝑒𝑎𝑠 vs 𝑡𝑐𝑜𝑟𝑟 and the evolution of the surface of CS in a 150 µL pure water
droplet in the presence of -radiation were studied (See Figure 8-8)
The key observations for [𝐹𝑒]𝑚𝑒𝑎𝑠 and the surface are as follows:
•

For all cover gases, up to 48 h corrosion, [𝐹𝑒]𝑚𝑒𝑎𝑠 vs 𝑡𝑐𝑜𝑟𝑟 was close to that
measured in the absence of -radiation. After 48 h, [𝐹𝑒]𝑚𝑒𝑎𝑠 continued to increase in
the presence of -radiation, while it plateaued in its absence. When the cover gas
contained nitrogen (HC-free air), the rate of increase of [𝐹𝑒]𝑚𝑒𝑎𝑠 with time was lower
than with the other cover gases.

•

[𝐹𝑒]𝑚𝑒𝑎𝑠 increased up to a certain value (60 µmol cm-2 after 5 d in Ar, and
50 µmol cm-2 after 7 d in Ar + 21% O2). The increase in [𝐹𝑒]𝑚𝑒𝑎𝑠 was followed by a
subsequent drop (42 µmol cm-2 in Ar, and 36 µmol cm-2 in Ar + 21% O2 after 10 d).
When the cover gas was HC-free air, [𝐹𝑒]𝑚𝑒𝑎𝑠 increased continuously during the
timeframe of this experiment and reached 47 µmol cm-2 after 10 d.

•

For all cover gases, the surface was entirely covered with magnetite after 1 d except
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for the edge areas of the surface which were covered with Fe(OH)3.
The results of the solution analysis and surface study for humid air exposure
under radiation showed that cover gas composition has a negligible effect on the
corrosion dynamics of CS. The main effect of oxygen is on how long it takes [H2O2] to
reach its steady-state concentration. Based on the results obtained from the studies under
all the cover gas compositions in the presence of radiation, it is apparent that an increase
in iron concentration occurs earlier than observed in the absence of radiation.
8.3.2

Humid Air Corrosion of CS-W Joints under Different Cover Gases in the
Presence of -Radiation
Corrosion of the CS-W interface was studied by evaluating surfaces exposed to

humid air under different cover gases and a continuous flux of -radiation.

Figure 8-9: The evolution of the surface of the W-CS joint exposed to 100% humidity
under -radiation at a dose rate of 2.8 kG/h under Ar. The solution was nonbuffered, with initial pH 6.0. The images are taken from the upward faces of the
coupons.
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Figure 8-9 shows the low and high magnification optical microscopy images of
surfaces corroded under Ar gas, after 10 d of exposure. The main observations are as
follows:
•

The CS surface was partially covered with thick non-uniform black oxides (Fe3O4),
whereas the stainless steel was covered with a light green layer (a thin hydroxide
layer: Fe(OH)2).

•

Oxide formation on the CS at the CS/W joint was not different from the rest of the CS
surface.

•

Oxide formation on CS was non-uniform, and was in the form of localized granular
oxide patches.

•

A particular rainbow-like pattern was observed on SS at the CS/W joint.
The effect of cover gas on the corrosion of the CS/W joint was investigated by

evaluation of the upward face and side faces of corroded coupons with two different
exposure times (10 d and 20 d) under 100% humid air and in the presence of -radiation
(See Figure 8-10 and Figure 8-11).
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Figure 8-10: Optical microscope images of the surface of the W-CS joint exposed to
100% humidity for 10 h and 20 h, under -radiation at a dose rate of 2.8 kG/h and
under different cover gases. The solution was non-buffered with initial pH 6.0. The
images are taken from the upward face.
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Figure 8-11: Optical microscope images of the surface of the W-CS joint exposed to
100% humidity for 10 h and 20 h, under -radiation at a dose rate of 2.8 kG/h and
under different cover gases. The solution was non-buffered with initial pH 6.0. The
images are taken from the sides of the coupons.

The key observations with regard to the morphology of oxides on different faces
of CS/W joints after exposure for 10 d and 20 d to humid air under -radiation and under
different cover gases (shown in Figure 8-10 and Figure 8-11) are as follows:
•

The cover gas composition had negligible or no effect.

•

Magnetite coverage on the CS surface was greater after 20 d than after 10 d.
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•

Relative to the upward coupon face, the magnetite on the sides of the coupons was
thicker and the CS oxide coverage was higher. Almost all the CS surface was covered
on the coupon sides.

•

The periodic pattern had progressed further towards the SS on the 20-h corroded
surface than on the 10-h corroded surface.
In order to further investigate corrosion at the interface of CS-W, the samples

were examined using SEM, and the images are shown in Figure 8-12.

Figure 8-12: Low magnification image and high magnification SEM images of the
weld, W-CS, and CS surfaces after corrosion under humid air under HC-free air for
10 d.

The SEM images of different areas show that the oxide is thicker on the CS
surface than on the SS surface. The SEM analysis also confirmed the presence of a
thicker oxide on the CS side while there was no oxide coverage on the SS surface or the
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interface of SS and CS. Moreover, no localized attack was observed at the interfacial
region.
The corrosion of the CS-W joint under humid air can be explained using the data
presented in the first section of this chapter where corrosion of CS under a small droplet
with and without radiation was investigated, as well as the results previously presented in
Chapters 4-7. To use the previously presented data in this explanation, it will be useful
here to briefly summarise the main differences between the experiments of the previous
chapters, and first section of this chapter with the humid air studies. The main differences
are the corrosion electrolyte volume and the initial concentrations and evolution of the
concentrations of oxidants during corrosion. In the previously presented results, the initial
electrolyte volume (solution volume in the electrochemical studies and droplet volume in
the droplet studies) was known and controlled. The concentration of the oxidant was
determined and known at the beginning of the experiments. While oxidation and
reduction of corrosion products and solution species continuously changed the oxidant
concentrations, there was no other source for the addition of oxidants to the solution.
These factors are not known in the humid air radiolysis corrosion. On one hand, the size
of the droplets is not the same, and may vary from site to site and influence the corrosion
behaviour. The effect of electrolyte thickness (and therefore droplet size) on the dynamics
of corrosion has previously been studied and well documented [5,22]. On the other hand,
the radiolysis of humid air continuously introduces oxidants into the solution. Therefore,
while corrosion reactions consume and produce oxidants, they are also being constantly
injected into the solution via water radiolysis. While these two main differences affect the
corrosion kinetics and possibly therefore the corrosion progression of CS, the overall
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corrosion mechanism is expected to remain the same. With these two main differences in
mind, we can use the results presented in the previous chapters to discuss the corrosion of
the CS-W joint under humid air radiolysis.
The droplet studies presented in the first section of this chapter showed that after
1 d, corrosion of CS had progressed through Stage 3 where oxidation of Fe→FeII and
FeII→FeIII and the dehydration of Fe(OH)2 and Fe(OH)3 leads to the formation of
magnetite. The droplets that form through condensation of humid air are significantly
smaller than those used in section one. This may explain the smaller oxide patches, with
each perhaps representing the oxide formed under a small droplet. With time, there is
more water condensation on the surface and an extended surface area is covered by
magnetite under thin water droplets.
The types of oxides which formed on the CS, CS-W, and W surfaces (Figure
8-10 and Figure 8-11) were the same after 10 d and 20 d of exposure. However, the
oxide coverage increased with 𝑡𝑐𝑜𝑟𝑟 , while the stainless steel surface remained almost
clean and protected by a thin surface oxide during the entire exposure time. The rainbowlike pattern between the joint and the SS area (see optical microscopy image of area 1 in
Figure 8-9) is a classic thin film interference pattern, which indicates the presence of a
thin film on the surface, which is probably a hydroxide gel layer. The progression of the
thin layer shows that Fe species diffuse through the gelatinous layer towards the weld. As
explained earlier, Fe ions can continuously form on the CS surface and diffuse radially
towards areas of lower concentration (W). The observation of oxide deposits is evidence
of a thin layer of iron hydroxide hydrogel formed on the CS, spreading over the surface
of W with time.
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Under different cover gases, the type and coverage of surface oxides were similar.
For oxygen, no significant effect was identified. Also, the comparison of the surfaces
under hydrocarbon free air (O2 + N2) and under other cover gases (N2-free gases) showed
that nitric acid, as the main radiolytic product in humid air, does not affect oxide
formation within 10-20 d of exposure time period. These results can be explained based
on the previous findings from the electrochemical studies and solution analysis presented
in Chapters 4-6 which elucidated the mechanism of CS and stainless steel corrosion in
the presence of H2O2 and HNO3, by studying the effects of different oxidant
concentrations, solution pH, and ionic strength. The droplet studies presented in Chapter
7 also revealed that the mechanism of corrosion under a small volume solution can be
explained using the electrochemical test results. The previously presented results
demonstrated that in the absence of a protective oxide (in the case of CS corrosion), ionic
strength plays a major role in the corrosion progression. The oxidant concentration
mainly influences the rate of reduction reactions, which in turn affects the dissolved
metal cation concentration. However, progression of corrosion to a new stage and
therefore formation of a different oxide on the surface requires that the interface where
corrosion occurs meets certain conditions. These conditions are dictated by the
concentration of oxidant, pH and ionic strength. Therefore, it is possible to say that in the
time frame of this test and based on the assumed size of most of the droplets formed on
the CS-W joint test samples, the conditions for corrosion progression to a stage beyond
formation of magnetite were not met. For SS, however, the pre-existing protective oxide
on the surface facilitated progression of corrosion to the next stage, where more
insulating oxides form on the surface (as shown in Chapter 6), and the rate of cathodic
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reactions on the SS surface is slow. This low rate of reduction reactions, in combination
with the low probability of formation of a droplet at the interface where it covers both the
SS and CS surfaces (and thus no possibility of galvanic corrosion), has led to the absence
of any corrosion acceleration in the humid air environment.
In summary, no acceleration of corrosion at the CS-W interface, which could
suggest a significant effect of galvanic coupling, was observed under any of the
conditions studied in this chapter. Therefore, it is reasonable to assume that the corrosion
of CS in the joint area will not be significantly different from that of CS on its own under
humid air conditions in the presence of radiation. In other words, under the conditions
studied in this thesis, the accelerated corrosion rate of CS (The corrosion current density
due to galvanic coupling between the CS and weld material) will be close to that of CS on
its own. It should be noted that galvanic corrosion of the whole sample (CS welded to
304L SS using 309 SS as the filler material) was not studied under humid air conditions.
Because the more noble materials (309 SS welded to 304L SS) have a larger surface area
in this case, this could significantly affect the accelerated corrosion rate of CS. In
addition, galvanic corrosion between CS and 304L SS and 309 SS on the microscale, and
also in the heat affected zone (HAZ), still need to be investigated.

8.4

SUMMARY
The first section of this chapter discussed the evolution of CS corrosion under a

150 l water droplet in the presence and absence of -radiation and under HC-free air,
21% O2+79% Ar, and pure Ar, studied between 1 d and 10 d of corrosion time. In the
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absence of radiation, where the only oxidant present is O2 or H+ (depending on the cover
gas), the dissolved iron concentration increases linearly with 𝑡𝑐𝑜𝑟𝑟 in all environments.
The surface of CS became covered with a double layer oxide comprising a magnetite
layer (first layer) and a FeOOH oxide (outer layer), and the effect of cover gas was
negligible. In the presence of radiation, regardless of type of cover gas, the CS corrosion
was influenced by early formation of FeIII cations and redox coupling between FeIII/FeII
and H2O2/O2 which facilitates formation of magnetite and results in the formation of a
uniform magnetite layer and also the observation of a constant iron concentration in the
bulk solution after 120 h corrosion.
The second section of this chapter discussed the effect of cover gas composition
on the radiation-influenced humid air corrosion of CS, CS-W, and SS. The type of oxide
formed on the CS surface was the same for both exposure times. However, a greater
surface area was covered with time. The stainless steel surface remained clean, protected
by a thin surface oxide. However, the Fe species were able to diffuse through a gelatinous
layer of Fe(OH)2 towards the weld area. The results showed no preferential oxidation at
the CS/W interface. The results showed that Fe ions continuously form on the CS surface
and diffuse radially towards areas of lower concentration (i.e., the weld region). The
observation of oxide deposits on the weld region is evidence of a thin layer of iron
hydroxide hydrogel formed on CS spreading over the surface of W with over time. The
effect of cover gas on oxide formation during 20 d corrosion was negligible. The analysis
of the results revealed that humid air corrosion of the CS-W region occurs in a similar
manner to that of CS on its own. That is, in the presence of -radiation, the corrosion of
CS is not accelerated due to welding to 304L SS with 309 SS as the filler material and
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galvanic corrosion can be disregarded. Therefore, a simple assessment of CS corrosion on
its own can be used to estimate the service life of 304L SS/W in the annular gap of the
calandria tank supporting structures.

8.5
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9 Chapter 9
THESIS SUMMARY AND FUTURE WORK

9.1

SUMMARY
In this thesis, the effects of -radiation and chemically added water and humid air

radiolysis products (H2O2 and HNO3) on the corrosion of carbon steel, 304L stainless
steel, and stainless steel weld (309 SS) were investigated. The results will be used in the
development of a corrosion dynamics model that can be used to accurately assess the
long-term integrity of CANDU nuclear reactor structural materials. The parameters
studied in this thesis project were pH, nitrate concentration, hydrogen peroxide
concentration, the cover gas composition, and the presence or absence of γ-radiation. The
effects of ionic strength and effects of other oxidants in the presence of nitrate ions were
also studied.
The experimental approach used in this thesis involved the use of electrochemical
methods (corrosion potential measurement, potentiodynamic polarization, and linear
polarization) and coupon exposure tests, followed by post-test surface and solution
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analysis.
In Chapter 4, the effect of NO3– ions on the corrosion of CS in Ar-purged pH 6.0
buffered NaNO3 and Fe(NO3)3 solutions was studied using electrochemical techniques.
These results showed that, depending on the concentration of nitrate and ionic strength,
nitrate can affect the dynamics of corrosion by either accelerating the rate of iron
oxidation via the NO3–/NO2– reduction reaction or by influencing the rate of mass
transport of metal ions. At pH 6.0, due to the high solubility of Fe in solutions containing
high concentrations of nitrate, the major corrosion pathway for CS is metal dissolution
and the faster charge transfer rate in nitrate solutions combined with a fast reduction rate
results in a higher corrosion rate for [NaNO3]10 mM. When sodium nitrate is replaced
by Fe(NO3)3, the anodic charge transfer reaction becomes even faster, and the main
reduction reaction is the diffusion-controlled reduction of ferric ions. Based on the PD
results, the main oxidation pathway in Fe(NO3)3 solution is metal dissolution. The
formation of an oxide that can suppress the anodic dissolution of metal occurs at
potentials significantly higher than in NaNO3 solutions. The results also indicate that in
NaNO3 solutions, because of the contribution of mass transfer in the anodic branch of PD
curves and the contribution of iron oxidation in the cathodic branch of PD curves, the
requirements for establishing a valid Tafel region are not met. Thus, Tafel extrapolation
is inaccurate for determining the corrosion rate at 𝐸𝑐𝑜𝑟𝑟 for the conditions studied in this
thesis.
In Chapter 5, the effect of nitrate concentration on the corrosion behaviour of
carbon steel (CS A36) and stainless steels (304L SS and 309 SS) in HNO3 solutions at
pH 2.0 was investigated using 𝐸𝑐𝑜𝑟𝑟 vs time measurements, LPR, and PD techniques and
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by analyzing the dissolved alloying elements as a function of time using ICP-OES. The
results showed that, for the same [NO3–], the corrosion rate of CS at pH 2.0 is greater
than at pH 6.0, due to the higher mass transfer rate. When 100 mM NO3– is present in pH
2.0 solution, the ionic strength is high enough to prevent Fe saturation in the interfacial
𝑒𝑞

region. 𝐸𝑐𝑜𝑟𝑟 remains below 𝐸𝐹𝑒⇆𝐹𝑒(𝑂𝐻)2 where the oxidation of iron is under charge
transfer control. For stainless steels, because forward scanning from negative
overpotentials results in the formation of a protective Cr-rich oxide at potentials below
the corrosion potential, the application of a Tafel slope extrapolation method was not
suitable for corrosion rate determination. Unlike for CS, for types 304L and 309 stainless
steels, the anodic current is lower in 100 mM NO3– solution than in 10 mM NO3–. For
304L SS a higher [NO3–] results in faster formation of a protective oxide at very low
𝑒𝑞

overpotentials, which becomes unstable at potentials >𝐸Fe(OH)2 ⇆Fe(OH)3 . For 309 SS, the
oxide formed at lower potential is stable over the entire range of potential scanning. The
implication of these results is that when a protective oxide is stable, increasing the nitrate
concentration cannot increase the rate of corrosion of stainless steels at low pHs.
The corrosion studies of CS, 304L SS, and 309 SS in the combined presence of
nitrate and hydrogen peroxide has given us insight into the corrosion behaviours of these
alloys in the presence of water and humid air radiolysis products.
In Chapter 6, the electrochemical behaviours of CS, 304L SS and 309 SS were
investigated by the initial addition of hydrogen peroxide in pH 6.0 buffered solutions and
in pH 2.0 nitric acid solutions. The corrosion of these alloys in pH 2.0 was then assessed
using solution analysis. The results presented in this chapter have improved the
understanding of how hydrogen peroxide, as the key water radiolysis product, can affect
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the corrosion carbon steel and stainless steels. This analysis has also demonstrated the
role of hydrogen peroxide as a potential oxidant when the ionic strength of the solution is
low, and mass transport is slow, as well as in conditions where the ionic strength is high
and nitrate is present as an additional oxidant.
In pH 6.0 buffered solutions, the addition of a small amount of 10-4 M H2O2 does
not change the corrosion potential and the PD behaviour of CS. A more oxidizing
environment (10-3 M H2O2), however, significantly increases the 𝐸𝑐𝑜𝑟𝑟 . It was concluded
–

that for [H2O2]0<10-2 M, 𝐸𝑐𝑜𝑟𝑟 is determined by the cathodic current of the H2O2/OH

reduction reaction, coupled with the anodic current of the iron oxidation half-reaction. On
-2

the other hand, for [H2O2] ≥10 M, 𝐸𝑐𝑜𝑟𝑟 is likely to be determined primarily by the
cathodic half-reactions of H2O2, coupled with the anodic half-reactions of H2O2.
In acidic solutions, CS corrosion is not influenced by the addition of H2O2 to
nitric acid solutions, except for the fact that it decreases the rate of change of [𝐹𝑒]𝑚𝑒𝑎𝑠 ,
which indicates that it accelerates oxide formation while not affecting the net rate of
oxidation. This finding revealed the role of mass transport in the corrosion process. While
hydrogen peroxide was identified as an effective oxidant in low ionic strength solutions,
when mass transport is fast, in the high ionic strength solutions with the same
concentration of hydrogen peroxide, oxide formation does not occur, as observed in the
buffered solutions.
The corrosion of the tested stainless steels is strongly affected by the addition of
hydrogen peroxide. Unlike in nitric acid solutions, in more oxidizing solutions at the
same ionic strength (i.e., when 10 mM hydrogen peroxide solution was added to nitric
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acid), saturation of the surface can immediately occur, which limits surface oxidation by
limiting the mass transfer of metal ions to the solution phase. Oxide formation shifts the
𝐸𝑐𝑜𝑟𝑟 to the equilibrium potential of the H2O2 oxidation reaction. The difference between
CS corrosion and stainless steel corrosion in a similar environment was attributed to the
different oxides that form on the surface.
In Chapter 7 the corrosion dynamics of CS in small solution volumes were
studied in the presence of 10-4 H2O2 and different concentrations of HNO3 (as the key
products of humid air radiolysis products) in small-volume solutions (150 µL solution
droplets) by analyzing the average bulk concentrations of dissolved iron and the
morphology of the corroded surface as a function of corrosion time. CS corrosion
progresses through the same dynamic stages for both HNO3 and H2O2. Stage 0 involves
the oxidation of Fe to solvated Fe2+(aq) in the interfacial region, followed by the transport
of Fe2+(aq) to the bulk solution. Once the surface solubility limit is reached, the FeII in the
interfacial region precipitates as Fe(OH)2 hydrogel on the surface. In Stage 1b/2, electron
hopping between FeII and FeIII is faster in the hydrogel network, resulting in faster
oxidation. The nitrate concentration affects the rate of progression through individual
stages and the overall corrosion rates in individual stages. The linear dependence of
reaction rate on the concentration of [HNO3]0 implies that a first-order reaction occurs in
Stage 0. The duration of this stage is shorter in solutions with higher [HNO3]0 due to a
higher oxidation rate and a higher mass transfer rate, resulting in faster saturation of FeII
in the interfacial region. In Stage 1b/2, the corrosion rate was proportional to
log [HNO3]0. In this stage, and particularly in solutions with higher [HNO3]0, the
distribution of oxides/hydroxides is not uniform across the coupon surface and depends
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on the solution thickness, which is not uniform because of the dome shape of the solution
droplet. The area exposed to the shallower solution approaches subsequent stages faster.
The time-dependent behaviours of CS corrosion in 10-4 M H2O2 were similar to
those observed in 10-4 M HNO3 solutions. For 10-4 M hydrogen peroxide, the rate of
metal oxidation in Stage 0 was 10 times larger than for 10-4 M HNO3, indicating that
hydrogen peroxide is a more effective oxidant than 10-4 M HNO3 for iron oxidation when
the surface is not saturated with iron. However, in Stage 1b/2, the corrosion rate was
similar to that of 10-4 M HNO3, indicating that hydrogen peroxide acts as an oxidant for
the oxidation of FeII to FeIII, while also acting as a reductant, participating in oxide
formation through the reduction of FeIII to FeII in a low ionic strength solution.
The evolution of the surface and solution with time for pure iron in 10-2 M HNO3
showed that, regardless of microstructural differences and differences in metal
composition, corrosion of both metals progresses in the same way in solutions of high
ionic strength. This implies that, in high ionic strength, the effect of microstructure on the
corrosion of CS is negligible.
In Chapter 8, the effect of -radiation and different cover gases (HC-free air, 21%
O2+79% Ar, and pure Ar) on the evolution of CS corrosion with time was studied in a
150 l water droplet. In the absence of radiation, the dissolved iron concentration
increases linearly with 𝑡𝑐𝑜𝑟𝑟 in all environments. In the presence of radiation, however,
the oxidation of H2O2 can couple with the oxidation of FeIII/FeII reduction, and the
dissolved iron concentration remains constant with time for 𝑡𝑐𝑜𝑟𝑟 >120 h. When radiation
is present, CS corrosion is influenced by the early formation of FeIII cations and redox
coupling between FeIII/FeII and H2O2/O2, which facilitate the formation of magnetite. This
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chapter also discusses the effect of cover gas composition on the radiation-influenced
humid air corrosion of CS, CS-W, and SS. The results showed that CS becomes covered
with magnetite. Fe ions continuously form on the CS surface. The type of oxide formed
on CS surface remained the same with exposure time. However, a greater surface area
was covered as time progressed. Stainless steel remains clean, protected by a thin surface
oxide. The results showed no preferential oxidation at the CS/W interface. The effect of
cover gas on oxide formation during 20 d corrosion was negligible. The analysis of the
results revealed that humid air corrosion of the CS-W region occurs in a similar manner
to that of CS on its own. That is, in the presence of -radiation and under the conditions
studied in this thesis, the corrosion of CS is not significantly accelerated due to being
welded to 304L SS with 309 SS as the filler material. Therefore, to estimate the service
life of the CS/304L SS/W in the annular gap of the calandria tank supporting structures, it
is sufficient to assess the independent corrosion of the CS component.
The results presented in this thesis have improved the understanding of how the
presence of radiolysis products (H2O2 and HNO3) can affect the corrosion of carbon steel
and stainless steels. These results will be used to develop a mechanistic model that can be
used to predict the long-term corrosion behaviours of reactor structural materials with
confidence.

9.2

FUTURE WORK
The main objective of this thesis was to develop a mechanistic understanding of

the corrosion of the structural materials of the end shield cooling (ESC) tank and its
supporting structures in humid air and the presence of a continuous flux of -radiation.
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This will contribute to the development of a mechanism that can explain how nitric acid
and hydrogen peroxide (the main radiolytic products in humid air) impact the corrosion
of CS and different stainless steels under the conditions anticipated inside the calandria
tank and adjacent to its supporting structures.
An investigation of the effect of different [NO3–] and [H2O2] in buffered solutions
in the pH range 2 to 6 is needed for future work.
A study of galvanic corrosion between CS, 304L SS, and 309 SS with different
surface areas and in different solution volumes and the presence of different
concentrations of radiolytic products (H2O2 and HNO3) is also recommended. The effect
of periodic additions of radiolytic products to the test solution could also be carried out to
better simulate the continuous production of these products due to a flux of -radiation.
The long-term goal of this continuing project is to develop a high-fidelity
corrosion
dynamic model for the independent and galvanically coupled corrosion of steels. The
results presented in this thesis will eventually be incorporated into this dynamic model,
which is still under development. To achieve this, it will be necessary to formulate
individual processes as a function of solution parameters, such as the interfacial
electrochemical reactions and mass transport processes.
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